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Stroke remains a leading cause of long-term disability in adults, and impairments in the 
upper extremities are particularly common. Many post-stroke remodeling events are activity 
dependent and can be influenced by post-ischemic behavioral experience  through similar 
mechanisms as experience-dependent plasticity. The overarching goal of these dissertation 
studies was to understand how behavioral experience, in the form of rehabilitative training (RT), 
after ischemia impacts neuronal and vascular structural remodeling.  
This was tested using a mouse model of ischemia-induced upper-limb impairments in 
adult transgenic mice containing yellow or green fluorescent protein (YFP/GFP) in a subset of 
layer V cortical pyramidal neurons. First, I examined the impact of manual skill learning on 
dendritic spine dynamics in vivo in the trained motor cortex (MC) of intact mice (Chapter 2). We 
found that spine formation was significantly enhanced after 3 days of training, which was 
followed by an equal and opposite increase in spine elimination by day 6 and then a return to 
 viii 
baseline levels for the remainder of the training duration. New spines formed on day 3 were 
preferentially stabilized and were correlated with performance gains.  
Next, I tested whether a variation of the photothrombotic stroke model that confines laser 
illumination to individual arteries on the cortical surface, could better reproduce aspects of the 
vascular penumbra, such that it would be better suited for examining how structural remodeling 
events are influenced by the penumbra. We monitored post-ischemic cerebral blood flow (CBF) 
at 6, 48, and 120 h following MC infarcts and found that artery-targeted photothrombosis created 
a wider, more graded penumbra. In addition, it instigated vascular structural remodeling, and 
caused impairments in skilled-reaching performance in mice.  
Lastly, I examined the impact of RT on spine dynamics and recovery of skilled reaching 
performance following photothrombotic infarcts to MC. We found that ischemia instigated 
widespread increases in spine turnover that persisted for up to 5 weeks.  RT increased the 
stabilization of new spines formed in weeks 2 and 3 after ischemia, which was correlated with 
improvements in skilled reaching, indicating that new spine maintenance could represent a 
structural mechanism for the recovery of reaching performance.  
 ix 
Table of Contents 
 
List of Tables................................................................................................................................ xv  
List of Figures.............................................................................................................................. xvi  
Chapter 1: Introduction............................................................................................................... 1 
1.1 Experience-driven synaptic structural remodeling in the adult brain ……………….. 3 
1.2 A brief overview of the organization of mouse motor cortex………………………... 5 
1.3 Photothrombosis: strengths and weaknesses …………...……………….................... 7 
1.4 Vascular plasticity in the acute and chronic post-stroke phase .................................... 9 
1.4.1 What is the ischemic penumbra and why is it important? ……………..…9 
1.4.2 Vascular remodeling events in the acute and chronic post-stroke phase ..10 
1.4.3 Vascular remodeling in cellular repair and recovery ……………………11 
1.5  Experience-driven synaptic plasticity of peri infarct cortex after stroke …………...12 
1.6. Age and sex dependencies in functional outcomes following stroke……………….14 
Chapter 2: Preferential stabilization of newly formed dendritic spines in motor cortex 
during manual skill learning predicts performance gains, but not memory 
endurance………………................................................................................................  15 
2.1 Abstract ...................................................................................................................... 15 
2.2 Introduction................................................................................................................  16  
2.3 Materials and methods...............................................................................................  18 
2.3.1     Subjects...................................................................................................  18 
2.3.2     Cranial Window Creation………………………………………….......  20  
 x 
2.3.3     Behavioral Training…………………………………………………....  21 
2.3.4     In Vivo Imaging of Dendrites .................................................................  22 
2.3.5     Spine Dynamics Analyses.......................................................................  23 
2.3.6     Histological preparation and spine density analysis………...…………. 24 
2.3.7 Statistical analyses......................................................................................  25  
2.4 Results .......................................................................................................................  26 
2.4.1     Manual skill training increased dendritic spine turnover ……….……..  26 
2.4.2     Preferential stabilization of new spines, but not newly learned skill,  depended on 
continued training ……………………………….…………………………………….. 29 
2.4.3     Training increased the population of persisting new spines without 
preferential stabilization …………………...…………………………………...  35 
2.4.4     Persisting New Spines Predicted Performance Gains……..……….......  36 
2.4.5     Skills Training Induced Subpopulation-Specific Increases in Dendritic 
Spine Density…………………………………………………………………...  37 
2.5 Discussion ………………………………………………………………………….  40 
Chapter 3: Artery-Targeted Photothrombosis, a Variation of the Photothrombotic Stroke 
Model, Enlarges the Vascular Penumbra, Instigates Peri-Infarct Neovascularization 
and is Suitable for Modeling Upper Extremity Impairments ………...…………....  47 
3.1 Abstract.....................................................................................................................   47 
3.2 Introduction...............................................................................................................   48 
3.3 Methods.....................................................................................................................   50 
 xi 
3.3.1    Subjects....................................................................................................  51  
3.3.2     Cranial Window Creation.......................................................................  52 
3.3.3     Artery-targeted and traditional photothombosis.....................................  53  
3.3.4     Multi-exposure speckle imaging of CBF................................................  55 
3.3.5     Tissue processing and analysis of lesion volume...................................  56 
3.3.6      Comparison of MESI-estimated core sizes and histological infarct  
volume ................................................................................................................   57  
3.3.7      Vascular labeling with isolectin B4.......................................................    58 
3.3.8      Analysis of Vascular Density …………………………………………   59 
3.3.9     Skilled Forelimb Training and Assessment …………………………...  59 
3.3.10   Statistical Analyses …………………………………………………....  61 
  3.4  Results.......................................................................................................................  62 
3.4.1    Artery-targeted photothrombosis produces a larger penumbra………… 62 
3.4.2    Histological damage paralleled regions of severe CBF deficits …….....  65 
3.4.3     Vascular density was increased proximal to the ischemic core after 
traditional compared to targeted photothrombosis …………………………….  67 
3.4.4     Lesion volume, but neither CBF deficits nor peri-infarct vascular densities, 
significantly varied with age after artery-targeted photothrombosis....................  70 
3.4.5 Artery-targeted photothrombotic infarcts in motor cortex impaired forelimb 
function in mice..................................................................................................   71 
 xii 
3.5  Discussion...............................................................................................................    74 
 
Chapter 4: Rehabilitative training promotes the persistence of new spines formed in 
response to ischemia…………………………………………………………………...…….    81 
4.1 Abstract....................................................................................................................    81  
4.2 Introduction.............................................................................................................     82  
4.3 Materials and methods............................................................................................     85 
4.3.1    Subjects..................................................................................................    85 
4.3.2    Cranial window creation........................................................................    86 
4.3.3    Artery-targeted photothombosis............................................................    87 
4.3.4    In Vivo imaging of dendrites ………………………………………....     88 
4.3.5    Spine dynamics analysis.......................................................................     90 
4.3.6    Skilled forelimb training and assessment…………………………….     91  
4.3.7     Tissue processing and analysis of lesion volume ……………..........      92 
4.3.8 Spine Density Analysis ……………………………………………...      93 
4.3.9     Vascular labeling with isolectin IB4...................................................      94 
4.3.10    Analysis of vascular density ..............................................................     94 
4.3.11  Statistical analyses...............................................................................      95 
4.4 Results.....................................................................................................................     97 
4.4.1 Artery-targeted photothrombosis instigated increased spine turnover that 
persisted for weeks, the pattern of which differed between groups..................     97 
4.4.2    RT promoted New Spine Stabilization …………………………….....    99 
 xiii 
4.4.3    RT improved deficits in skilled reaching …………………………….   103 
4.4.4 Post-infarct maintenance of new spines formed predicted reaching  
performance ………………………………………………………………….   105 
4.4.5 RT increased spine density on  apical dendrites located within layer II/III of 
the remaining MC…………………………………………………………….   106  
 4.4.6 Neovascularization was not evident at 8 weeks post-infarct …….......     108 
4.5 Discussion………………………………………………………………      110 
 
 
Chapter 5: Discussion...........................................................................................................     123  
5.1  Experience-dependent structural synaptic plasticity in the intact brain……...…     125 
5.2  A Photothrombotic model that better approximates the vascular penumbra.... ..     127 
5.3  The impact of artery-targeted photothrombosis on vascular remodeling ...........     129 
5.4  The impact of artery-targeted photothrombosis on neuronal structural plasticity 
 ……………………………………………………………………………………….     131 
5.5  RT shapes ischemia-induced structural plasticity that supports functional 
outcomes……………………………………………………………………………. ..  132 
5.6  Similarities and differences between ischemia-induced structural remodeling events 
and experience-dependent plasticity in the intact brain ……………..………………..  133 
5.7  Sex differences in ischemia-induced structural plasticity and functional 
outcomes......................................................................................................................... 136 
5.8 Concluding remarks and future directions ………………………………………..  137 
References.................................................................................................................................  139 
 xiv 
List of Tables 
Table 3.1  CBF disaggregated by sex at each imaging time point........................................  78 
Table 3.2  Area fractions of IB4-labeled blood vessels in ipsilesional and contralateral 
homotopic hemispheres disaggregated by sex………………………………….  79 
Table 3.3  Cortical lesion volume disaggregated by sex...........................................………. 80 
Table 4.1 Sham group means for all reported measures …………………………….......  116 
Table 4.2  Spine turnover disaggregated by sex ………………………………………....  118 
Table 4.3 Spine stabilization disaggregated by sex……………………………………… 119 
Table 4.4  Post-operative reaching performance disaggregated by sex………………….   120 
Table 4.5  Lesion volumes disaggregated by sex………………………………………...  121 
Table 4.6  Vascular density disaggregated by sex…………………………....…..............  121 
Table 4.7  YFP and GFP averages for spine measures…………………………………..   122  
 xv 
List of Figures 
Figure 2.1  Experimental Approach ....................................................................................... 19 
Figure 2.2  The Pasta Matrix Reaching Task ......................................................................... 22 
Figure 2.3  Skill training increased spine formation and subsequent elimination in trained  
motor cortex.......................................................................................................... 28 
Figure 2.4  Newly formed spines were preferentially stabilized by continued training......... 31 
Figure 2.5  Reaching performance in YFP expressing and WT mice....................................  33 
Figure 2.6  Reach attempts disaggregated by matrix position……………………………...  34 
Figure 2.7  Reaching efficiency, as assessed by success per reach attempt, improved with  
more training…………………………………………………………………… 35 
Figure 2.8  New spine stabilization predicted performance gains………………………….. 37 
Figure 2.9 Brief and extended training increased spine densities on apical branches of layer  
V neurons in layer II/III but not layer 1 of trained motor cortex……………….  39 
Figure 3.1  Comparison between artery-targeted and traditional photothrombotic...............  54 
Figure 3.2  Artery-targeted photothrombosis increased the area of reduced CBF in  
surrounding cortical tissue way...........................................................................  64 
Figure 3.3  Lesion depth in histological tissue sections corresponded to cortical areas with the  
greatest CBF reductions following artery-targeted and traditional  
photothrombosis..................................................................................................   65  
Figure 3.4  Artery-targeted and traditional photothrombosis instigated neovascularization.  69 
Figure 3.5  Artery-targeted photothrombosis to mouse motor cortex creates deficits in skilled  
forelimb reaching................................................................................................   72  
 xvi 
Figure 3.6  Pre-operative and post-operative reaching performance separated by sex….….  73 
Figure 4.1  Experimental Design...........................................................................................   89 
Figure 4.2  Patterns of spine turnover in peri-infarct cortex varied between groups ............. 99 
Figure 4.3  Stabilization of spines formed weeks 1-3 post-infarct was greater with RT….  102 
Figure 4.4  RT improved post-operative skilled reaching performance………………....... 104 
Figure 4.5 Maintenance of new spines formed during weeks 2 and 3 post-infarct were 
correlated with reaching performance………….………………………….....   106 
Figure 4.6 RT increased spine density on apical dendrites of layer V pyramidal neurons in 
layer II/III of peri-infarct MC………………………………………………....  107 




List of Illustrations 
Illustration 2.1         Summary of experimental results................................................................. 37 
 
 1 
Chapter 1: Introduction 
 
Stroke continues to be a leading cause of long-term disability in adults (Mozaffarian et al., 2016). 
Disuse and dysfunction in the upper-extremities are especially prevalent, and leave stroke 
survivors with long-lasting impairments that impede daily functioning and negatively impact 
quality of life (Lai et al., 2002, Cramer et al., 2011). Rehabilitative training (RT) approaches are 
the main therapeutic strategies used to treat motor impairments after stroke, but are far from 
sufficient to normalize function. Optimization of these strategies could benefit from a more 
detailed understanding of the time course over which rehabilitative training promotes structural 
brain plasticity and improved functional outcomes.  
The main goal of these dissertation studies was to understand the impact of RT on neuronal and 
vascular structural remodeling events over time following focal ischemia to motor cortex (MC). 
This goal was pursued through the following aims: (1) to understand how ischemia-induced 
structural remodeling events interact with structural synaptic plasticity in the intact brain (Ch. 2 
and 4), (2) to improve upon an existing stroke model in order to better understand the impact that 
the vascular penumbra has on these events (Ch. 3), and (3) to determine how RT differentially 
impacts ischemia-induced structural plasticity, and how it relates to functional improvements.  
The following questions were pursued using a mouse model of ischemia-induced chronic 
upper-limb impairments. I chose to study focal ischemia of MC because it creates impairments in 
skilled forelimb function in mice that are commonly seen in stroke survivors (Cramer et al., 
2011). Ischemia was induced using photothrombosis because of the ease with which it can be 
combined with in vivo imaging techniques (Carmichael et al., 2008).   Structural plasticity was 
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monitored at the level of individual dendritic spines using in vivo two-photon imaging in 
combination with transgenic mice that expressed either yellow fluorescent protein (YFP) or 
green fluorescent protein (GFP) in a subset of layer V cortical pyramidal neurons (Feng et al., 
2000). I chose to study spine turnover because dendritic spines are the main post-synaptic site for 
the majority of excitatory synapses in the brain. Structural changes on spines serve as a good 
indicator of synaptic plasticity in vivo. The use of YFP and GFP lines that preferentially label 
layer V cortical pyramidal neurons was chosen because in MC, these neurons are the primary 
output to motor neurons in the spinal cord. 
In Chapter 2, I used two-photon imaging to examine the impact of skilled forelimb 
training on dendritic spine dynamics within the superficial dendrites of layer V cortical 
pyramidal neurons in the trained MC of adult YFP-expressing mice.   The goal of this 
experiment was to better understand the time course over which skilled training instigates 
changes in structural plasticity as a basis for understanding the effects of RT on structural 
plasticity after ischemia.  
In Chapter 3, we developed a variation of the traditional photothrombotic approach that 
confines lase illumination to a pre-identified expanse of arteries on the cortical surface. The 
purpose of this experiment was to improve upon the main criticism of the model, that it creates a 
relatively small ischemic penumbra.  This makes it challenging to understand the impact of 
events within it on mechanisms of structural plasticity in peri-infarct cortex over longer periods. 
An additional goal was to determine whether artery-targeted photothrombosis instigated changes 
in vascular structural remodeling that have been reported in other focal ischemia models.  
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In Chapter 4, I examined the impact of RT on dendritic spine dynamics and recovery of 
skilled reaching performance after focal ischemia to MC using the same approach as in Chapter 
2. Additionally, we examined the impact of RT on vascular structural remodeling at later time 
points. The goal of this study was to advance our basic understanding of synaptic responses to 
RT.  A better understanding the time course of RT-medtated structural plasticity is useful for 
identifying critical time points when RT may be maximally beneficial for driving plasticity. 
The remainder of this chapter provides background information that was used to guide 
the formation of the current aims.  The first sections describe what is currently known in the field 
about experience-dependent structural plasticity (with an emphasis on motor-skill training) in the 
adult intact brain. The following section provides an overview of animal models of chronic-
upper extremity impairments, and the two most commonly used focal ischemic stroke models.  
The next sections describe what is known about ischemia-induced vascular and structural 
remodeling events in the peri-infarct cortex. The final section describes the current need, within 
the field, for a better understanding of how aging and sex might impact structural and functional 
responses to ischemia.   
1.1 Experience-driven synaptic plasticity in the adult brain 
Neuronal plasticity encompasses the structural and functional changes in neuronal circuits in 
response to experience (Fu & Zuo, 2011).  Synapses represent fundamental units of neuronal 
circuits.  Dendrites are the post-synaptic site for the majority of excitatory synapses in the brain, 
making them ideal for monitoring changes in synaptic connectivity. The use of transgenic mouse 
lines along with advanced imaging techniques has allowed us to monitor changes in synaptic 
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plasticity at the level of individual dendritic spines over time in the living brain.  This has proven 
a powerful tool for understanding structural mechanisms of experience-dependent plasticity and 
plasticity following brain damage.   Long-term, high-resolution imaging studies in adult 
animals have revealed that while although most dendritic spines are maintained over a large 
fraction of the animal's life (Grutzendler et al., 2002; Majewaska et al., 2006; Trachtenberg et 
al., 2002), a subpopulation appears and disappears.  
Previous studies of Golgi-stained neurons in fixed tissue slices have revealed that 
numerous experimental manipulations including environmental enrichment (Volkmar & 
Greenough, 1972), motor-learning (Kolb, B., Cioe, J. & Comeau, W, 2008), stress levels 
(Magarinos, et al., 1996) and drugs of abuse (Robinson & Kolb, 1999) instigate structural 
plasticity of dendrites and spines. Electron microscopy studies have reported increased spine 
and synapse densities after rearing in enriched environments, and motor-learning (Greenough, 
Hwang & Gorman 1992; Jones et al., 1997; Kleim, Jones, & Schallert 2003; Moser et al., 
1994). Recent in vivo studies, have found that the same experimental manipulations instigate 
alterations in spine turnover in vivo (Holtmaat et al., 2006; Majewaska et al., 2006; 
Trachtenberg et al., 2002; Xu et al., 2009). Furthermore, retrospective 3D EM reconstruction 
following in vivo time-lapse imaging has demonstrated that both pre-existing and persistent new 
spines exhibit ultrastructural hallmarks of typical synapses (Knott et al., 2006) supporting the 
idea that spine changes observed in vivo serve as a good indicator for experience-dependent 
structural synaptic plasticity.  
In terms of motor-learning, training on a skilled forelimb reaching task, instigates 
increases in spine formation on the apical dendrites of layer V pyramidal neurons in the trained 
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MC (Xu et al., 2009). Spine formation is followed by enhanced spine elimination, resulting in no 
net change in spine density.  However, new spines formed in response to training are 
preferentially stabilized, even long after training stops (Xu et al., 2009). Similar increases in 
spine turnover and stabilization have been observed in mice performing other motor tasks, 
including the rotarod task (Yang et al., 2009), and suggest that new spine maintenance could 
represent a structural basis for long-term memory of the acquired skills (Xu et al., 2009). It is 
possible that, similar to skilled training in intact animals, RT after ischemic infarcts to MC could 
be sufficient to promote stabilization of new spines formed after the infarct that could potentially 
represent a structural substrate for improvements in the recovery of skilled reaching.  This 
hypothesis was tested in Chapter 4. 
 
1.2 A brief overview of the organization of mouse motor cortex. 
The corticospinal tract is the main descending pathway from cerebral cortex to spinal cord 
motoneurons, and its connecting cortical regions, including motor cortex (MC) are often injured 
in stroke. Therefore, focal infarcts to MC are useful for modeling motor impaiments commonly 
seen in stroke patients. In MC, layer V pyramidal neurons are the primary output to the spinal 
cord, marking this cell population as a key target for structural plasticity following brain damage 
(Nudo et al., 2007). The rodent motor cortex lacks a prominent layer IV, which is typically the 
main layer receiving afferent input from the thalamus. Therefore, the majority of thalamic input 
is relayed to neurons in layer II/III, which then project to layer V. Pyramidal cells within this 
layer have a distinct morphology. They contain large apical tufts with fanlike dendritic branches 
that extend all the way to the superficial layers, making them ideal targets for in vivo imaging. In 
addition these cells have oblique apical dendrites, which are extensions of the thick apical stalk,  
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and smaller basilar branches that terminate within layer V (Ramaswamy et al., 2015).  As in 
layer II/III, layer V neurons contain both horizontal connections and cortico-cortical connections 
(Spruston, 2008). In general, the proximal dendrites receive most input from local sources where 
as the tuft dendrites receive input from more distant cortical regions (Spruston, 2008).
 Distinct morphologies of dendritic domains within individual layer V pyramidal neurons 
likely contributes to variation in structural plasticity within these different dendritic 
subpopulations (Spruston, 2008).  For example, the apical tufts have a much lower spine density 
compared to both oblique apical dendrites and basilar dendrites.  Recent in vivo examinations of 
dendritic plasticity in response to manual skill training have shown that tuft dendrites experience 
spine turnover, but no net change in spine density (Xu et al., 2009).  On the other hand, previous 
histological studies have shown that skilled training increases spine numbers in layer V of MC 
(Kleim et al., 1996). These results highlight that structural changes vary depending on location of 
the dendrite.  
In rodents, the forelimb motor area (MC) consists of the caudal forelimb area (CFA), 
which is homologous to the primate MC, and the rostral forelimb area (RFA), which is 
analogous to premotor cortex. Previous studies using intracortical microstimulation (ICMS) have 
found that in mice, MC includes a large CFA dominated by digit and wrist representations, and a 
smaller RFA. The RFA was found to undergo an expansion in the cortical territory devoted to 
forelimb movements with RT after ischemia (Tennant et al., 2011). Furthermore, connectivity 
studies have shown that  in rodents there is dense interconnectivity both within CFA, between 
CFA and RFA, and between CFA and somatosensory cortex (Donogue & Wise, 1982). Damage 
to the CFA has been shown to instigate large-scale cortical plasticity of these adjacent regions 
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that is associated with functional recovery (Tennant et al., 2011; Connor, Chiba & Tuszynski, 
2005). However, cortical plasticity within the remaining CFA was the focus of these dissertation 
studies, given that the majority of layer V corticospinal neurons project from CFA. In the 
following chapters, the remaining CFA will be used synonymously with peri-infarct cortex.  
1.3 Photothrombosis : strengths and weaknesses  
Motor impairments of the upper-extremities are a particularly common consequence of stroke, 
tend to be chronic, and difficult to treat with rehabilitative therapies (Cramer et al., 2011). 
Rodents and nonhuman primates serve as good models for chronic upper-limb impairments. 
Ischemic lesions can be placed within areas of the MC known to create impairments in skilled 
reaching that require use wrist, and digits, and are commonly affected after stroke im humans 
(Adkins et al., 2004; Kleim et al., 2007; Nudo et al., 1996). Furthermore, targeting MC allows 
the study of the neural mechanisms associated with rehabilitative training (RT) effects on 
functional recovery. Rehabilitative training consists of repetitive practice (often daily) on a task 
requiring use of the “impaired” limb. 
There are several commonly used rodent models of focal ischemia useful fore studying 
cellular mechanisms of recovery, each with their own set of advantages and limitations. The 
following sections will provide a brief overiew of two models, intraluminal suture or occlusion 
of the middle cerebral artery (McAO), and photothrombosis, which serve as the basis for the 
model proposed in Chapter 3 of the present dissertation studies.  
The McAO model is commonly used for the study of neuroprotective therapies after 
ischemia. An advantage of the model is that progressive neuronal death in the cortex is delayed, 
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which is more similar to the time course of human stroke. This allows examination of cellular 
events in the ischemic penumbra, as well as secondary mediators of ischemic cell death 
including inflammation and oxidative injury, (Carmichael 2008).  The main drawback of the 
model is that it creates damage to widespread and functionally diverse brain regions, making it 
challenging to study the impact of cellular recovery mechanisms in distinct brain regions on 
functional recovery after stroke. 
On the other hand, the photothrombotic stroke model has been a popular choice for the 
examination of cellular mechanisms of functional recovery. It can be used to create relatively 
small circumscribed lesions that can be placed in anatomically precise and distinct regions of 
cortex (Carmichael et al., 2005).  For example, photothrombosis can be used to create focal 
damage to MC, which is known to cause impairments in manual skill function, making it well-
suited for animal models of ischemia-induced upper limb impairments (Jones & Jefferson, 2011; 
Kleim, Boychuk & Adkins 2007; Krakauer, Carmichael & Corbett, 2006).  
During photothrombosis, following administration of a photoactive dye (Rose Bengal), 
illumination of a circumscribed region generates singlet oxygen, platelet activation, and damage 
to endothelial cells. This results in vasogenic edema, which rapidly spreads the developing lesion 
beyond the illuminated region, therefore compromising the development of a vascular penumbra 
(Dietrich et al., 1986; Watson et al., 1985).  Furthermore, simultaneous and unavoidable 
illumination of surrounding microvasculature creates secondary ischemia, a pattern not seen in 
human stroke. The main criticism of this model is that it creates a relatively thin ischemic 
penumbra with little to no collateral flow or reperfusion. The small penumbra makes it 
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challenging to examine how recovery events within the penumbra relate to repair and remodeling 
responses that support improved functional outcomes over longer time periods.  
 In the following dissertation studies, we present a novel photothrombotic technique that 
confines laser illumination to an expanse of individual arteries on the cortical surface, the results 
of which are summarized in Chapter 3. The goal was to create a photothrombosis model that 
maintained the advantages of the original, while also increasing the size of the vascular 
penumbra similar to what has been observed in the McAO model, for its use in studies 
examining the coordination between post-ischemic vascular events in the penumbra and cellular 
recovery mechanisms over longer periods.  







rates	did	not	fall	below	the	threshold	of	energy	and	ion	pump	failure.  Today the penumbra is more 
broadly defined as a region of ischemic tissue which is functionally impaired and at risk of 
infarction, but has the potential to be salvaged depending on the post-ischemic vascular events 
(Donnan and Davis, 2002). Adequate restoration of CBF to the penumbra during the acute-post 
stroke phase is crucial for tissue recovery, and forms the basis for current therapeutic strategies 
(Fisher, 1997; Gravanis 2008).  Furthermore, adequate CBF reperfusion prompts active recovery 
 10 
mechanisms within the penumbra that undoubtedly impact cellular recovery mechanisms over 
longer periods. 	
1.4.2 Vascular remodeling events in the acute and chronic post-stroke phase 
Reductions in CBF following ischemic stroke instigate complex and heterogenous 
vascular remodeling events within the ischemic penumbra. However, the temporal profile of 
vascular changes after stroke continues to be poorly understood. Within the penumbra, there can 
be prolonged reductions in CBF and capillary density (Anderson et al., 1999; Mostany et al., 
2010; del Zoppo et al., 2003) that may create a lasting inadequacy in the blood supply needed for 
activity-dependent plasticity.  
Early after stroke, improvement of collateral flow plays a critical role in maintaining 
regional CBF to support ischemic tissue within the penumbra, a process known as arteriogenesis. 
This refers to the widening of existing arteries to improve CBF (Liu et al., 2014). Arteriogenesis 
has been linked to increases in cerebral blood volume as early as 1 day following McAO (Lin et 
al., 2002). In addition, induction of angiogenic genes, as well as endothelial cell proliferation, 
have been reported early on after ischemia, suggesting a role for neovascularization in the acute 
post-stroke phase (Lin et al., 2000; Marti et al., 2000, Hayashi et al., 2003). However, the 
magnitude and persistence of neovascularization in peri-infarct tissue at later time points, and 
whether it represents a population of new functional vessels is unclear. Martin and colleagues 
(Martin et al., 2012) found that increased vessel densities 1 week after ischemia was correlated 
with increased CBF, suggesting the possibility that neovascularization could support increased 
perfusion.  However, more recent evidence from in vivo examinations of perfused vasculature 
report no evidence for increased neovascularization, indicating that increases in vascular density 
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might not be associated with increased CBF (Brown et al., 2007; Schrandt et al., 2014; Tennant 
et al., 2013; Mostany et al., 2010).  It is unclear whether differences reports of neovascularization  
can be attributed to differences in labeling methods, the  stroke model used, or both. 
1.4.3 Vascular remodeling in cellular repair and recovery 
Evidence from several rodent studies suggests that neovascularization plays a role in 
cellular repair and remodeling. New born neuroblasts in peri-infarct cortex are associated with 
endothelial cells in newly branching blood vessels lacking perfusion early after focal ischemia 
(between 1 and 2 weeks; Thored et al.2007), as well as over longer periods (16 weeks) that 
supported improved functional outcomes (Taguchi et al., 2004).  Increased vascular density has 
also been tied to evidence of increased inflammation and recruitment of microglia and 
macrophages, highlighting a role for neovascularization in cellular mechanisms of repair 
(Manoonkitiwongsta et al., 2001). Administration of human cord blood-derived CD34+ cells 
following stroke induced revascularization in the peri-infarct cortex and increased neuroblast 
migration toward the damaged tissue (Taguchi et al., 2004), and transplantation of endothelial 
progenitor cells (EPCs) was shown to promote neovascularization and improved functional 
outcomes (Fan et al., 2010). Treatments that enhance neovascularization can promote 
neuroprotection, plasticity and improved function (Navaratna et al., 2009; Shen et al., 2006; Sun 
et al., 2003), but angiogenic treatments can have diverse effects.  A better understanding of how 
vascular plasticity during the acute and chronic post-stroke phase interacts with cellular 
mechanisms of repair and recovery is essential for improving the efficacy of vascular-based 
therapies in post-stroke recovery.  
1.5 Experience-driven synaptic plasticity of peri infarct cortex after stroke 
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Focal ischemia to cortex instigates a unique environment in the tissue surrounding the 
infarcted region, the peri-infarct cortex, for heightened plasticity that is extremely sensitive to 
behavioral experience. Animal studies have shown that many of the genes and proteins that 
are important for neuronal growth, synaptogenesis and the proliferation of dendritic spines 
early on in life are also increased following stroke (Carmichael et al., 2005; Carmichael 
2006).  Furthermore, many of the mechanisms that underlie functional recovery are similar to 
mechanisms that underlie experience-dependent plasticity in the intact brain (Murphy & 
Corbett, 2009).  
There is strong evidence in both humans (Cramer et al., 2009; Dong et al., 2007; Liepert 
et al., 2003; Ward et al., 2004), and animal models (Biernaske et al., 2001; Dancause et al., 2003; 
Frost et al., 2005; Jones et al., 1999; Nudo et al., 1996), that behavioral experience in the form of 
rehabilitative training (RT) after stroke can drive functionally beneficial reorganization of MC. 
In rodents, training the injured limb in a skilled reaching task after ischemic infarcts to MC 
increases the representation of that forepaw in remaining motor cortex, as revealed using 
intracortical macrostimulation (ICMS) (Castro-Alamancos& Borrel, 1995; Connor, Chiba & 
Tuszynski, 2005; Nudo et al., 1996; Ramanthan et al., 2006). In addition to large-scale motor-
map reorganization, RT has increases synaptic densities as well as dendritic complexity in 
remaining MC (Jones et al., 1999; Biernaske et al., 2001).  Extensive cortical rewiring of axonal 
sprouts from this region to more distant cortical brain regions (Dancause et al., 2003; Frost et al., 
2005) has also been found.  However, little is known about the time course over which RT drives 
coincidental changes in structural plasticity that are associated with improved functional 
outcomes. 
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Recent results from in vivo studies have found that following photothrombosis, dendrites 
and spines are initially lost, but recover in a distance dependent manner from the infarct. During 
this period of recovery, dendritic spine turnover in the peri-infarct region remains elevated for up 
to 6 weeks (Brown et al., 2007, Brown et al., 2009), but is restricted mostly within the first 300 
µm from the ischemic core. On the other hand, Mostany and colleagues found that early on after 
middle cerebral artery-occlusion, spine densities in the peri-infarct cortex both near to the 
ischemic core, and at distances several mm away were greatly reduced.  Notably, spine turnover 
was increased in more distant regions even though CBF was relatively normal.  However, in the 
more proximal regions that suffered extensive CBF deficits, the extent of spine turnover was 
correlated with the degree of reperfusion.  These results highlight the importance of CBF in 
cellular recovery and plasticity at least in highly ischemic regions of peri-infarct cortex. 
Differences in the set of results between studies could be attributed to differences in the size of 
the penumbra created with both models. This possibility was tested in the present dissertation 
studies  in Chapter 4. 
Furthermore, Mostany and colleages found that while spine densities in both proximal 
and distant regions eventually recovered, the normalization of spine density took much longer in 
in proximal regions. Spine density surpassed baseline levels at further distances, but this increase 
in spine density was due to a transient population of spines. In fact, Mostany and colleagues 
found that spine stabilization was 2x greater in more proximal regions from the ischemic core 
compared to distant regions (Mostany et al., 2010), suggesting that spine maintenance may be 
more valuable for cellular recovery in peri-infarct regions that are more impacted by ischemia.   
However, it is possible that post-ischemic behavioral experience could have a profound impact 
 14 
on the maintenance of this transient population of spines. This idea was tested in the present 
dissertation studies in Chapter 4. 
1.6 Age and sex dependencies in functional outcomes following stroke 
Age is currently the single greatest risk factor affecting recovery from stroke (Herson & 
Traystman, 2014). In rodents, aging is associated with increased lesion volumes (Canese et al., 
1998; Canese et al., 2004).  and worse functional outcomes following focal ischemia, (Anderson 
et al. 1999; Brown et al., 2003; Davis et al., 1995; Popa-Wagneret al., 2007; Popa-Wagner et al., 
2018).  Aging in normal mice is associated with a decrease in vascular density and endothelial 
cell function, suggesting that aging might also negatively impact vascular responses to stroke, 
although evidence for this is lacking. This possibility was tested in Chapter 3 of the present 
dissertation studies in order to examine whether middle-age, which is around the time when 
stroke incidence begins to rise dramatically, impacted the pattern of vascular plasticity after focal 
ischemia to MC.  
Furthermore, over half of stroke survivors are women, who suffer worse functional 
outcomes after stroke compared to men (Mozaffarian et al., 2016). This emphasizes the 
importance for current animal models of post-stroke recovery to incorporate females into their 
models. To inform knowledge of sex-discrepancies in post-stroke outcomes. Female and male 
animals were included in Chapters 3 and 4 of the present dissertation studies, in order to interpret 
whether post-ischemic structural plasticity and behavioral outcomes were impacted by sex 
differences. However, both of these studies were underpowered to provide a comprehensive 
examination of of age or sex dependencies in post-stroke outcomes.  
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Chapter 2: Preferential stabilization of newly formed dendritic spines in motor cortex 
during manual skill learning predicts performance gains, but not memory endurance 
1 Reprinted from Clark, TA., Fu, M., Dunn, AK., Zuo, Y., & Jones, TA. (Copyright 2018). Preferential stabilization 
of newly formed dendritic spines in motor cortex during manual skill learning predicts performance gains, but not 
memory endurance. Neurobiology of Learning and Memory. DOI:10.1016/j.nlm.2018.05.005, with permission from 




Previous findings that skill learning is associated with the formation and preferential stabilization 
of new dendritic spines in cortex have raised the possibility that this preferential stabilization is a 
mechanism for lasting skill memory. We investigated this possibility in adult mice using in vivo 
two-photon imaging to monitor spine dynamics on superficial apical dendrites of layer V 
pyramidal neurons in motor cortex during manual skill learning. Spine formation increased over 
the first 3 days of training on a skilled reaching task, followed by increased spine elimination. A 
greater proportion of spines formed during the first 3 training days were lost if training stopped 
after 3, compared with 15 days. However, performance gains achieved in 3 training days 
persisted, indicating that preferential new spine stabilization was non-essential for skill retention. 
Consistent with a role in ongoing skill refinement, the persistence of spines formed early in 
training strongly predicted performance improvements. Finally, while we observed no net spine 
density change on superficial dendrites, the density of spines on deeper apical branches of the 
same neuronal population was increased regardless of training duration, suggestive of a potential 
role in the retention of the initial skill memory. Together, these results indicate dendritic 
subpopulation-dependent variation in spine structural responses to skill learning, which 
potentially reflect distinct contributions to the refinement and retention of newly acquired motor 
skills. 
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2.2 Introduction  
While it is generally well accepted that major behavioral changes must reflect altered neural 
activity patterns, the nature of the synaptic changes supporting these alterations is poorly 
resolved (Chen et al., 2014; Gibson & Olive, 2017; Kolb & Whishaw, 1998; Makino et al., 
2016). Repeatedly imaging synaptic elements over time in vivo, including the dendritic spines 
which form the majority of excitatory synapses in the brain (Bourne & Harris, 2008; Harms & 
Dunavesky, 2007; Yuste & Bonhoeffer, 2004; Yuste & Denk 1995) is powerful for revealing 
interrelationships between synaptic and behavioral change. Using transcranial two-photon 
imaging in transgenic mice expressing fluorescent proteins in cortical neurons, spine dynamics 
on superficial dendrites within the first several hundred microns of cortex can be monitored over 
time as an animal learns. In naive adult mouse cortex, spines are remarkably stable, with as little 
as 10% of spines turning over within a two-week period (Grutzlender et al., 2002). The extent of 
structural stability is thought to reflect the stability of synaptic connections in the mature brain. 
However, mice retain the ability to learn new tasks throughout their lifespan (Tennant & Jones, 
2012), and this new learning presumably reflects modifications in synaptic connections. Motor 
skill learning, even in aged mice, results in reorganization of movement representations in motor 
cortex (Tennant & Jones, 2012). Similarly, in adult rats, regions in which movement 
representations have reorganized in response to motor skill training have been found to have 
increased quantities of synapses in layer V compared with untrained controls (Kleim et al., 
2002). 
 Previous studies have examined how motor skill training affects synaptic plasticity in the 
motor cortex over time in vivo (Chen & Zuo, 2014; Fu et al., 2012; Harms et al., 2008; 
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Padmashiri et al., 2013; Reiner & Dunavesky, 2015; Xu et al., 2009; Yang et al., 2009). Training 
mice on a novel manual (skilled reaching) task promotes immediate formation followed by 
selective elimination of dendritic spines on the apical branches of layer V pyramidal neurons in 
the motor cortex contralateral to the trained forelimb (Xu et al., 2009). A similar pattern of 
increased spine formation followed by increased elimination has been found in mice trained on 
an accelerating rotorod (Yang et al., 2009; Yang et al., 2014). Continued training on either task  
is associated with an increase in the proportion of new spines that persist compared with new 
spines in untrained controls (Xu et al., 2009; Yang et al., 2009). These findings have raised the 
possibility that the preferential stabilization of the spines that are formed during learning is a 
mechanism for the long-term retention of motor skills (Xu et al., 2009; Yang et al., 2009), but 
this possibility had not been directly tested. The main goal of the present study was to test the 
hypothesis that the long-term retention of motor skills is dependent upon the preferential 
stabilization of apical dendritic spines that are formed during the process of acquiring those 
skills. 
 An additional goal of the present study was to investigate the possibility that patterns of 
spine change may vary between superficial and deeper dendrites. Numerous examinations of 
spine turnover on superficial dendrites in various regions of the cortex have yet to reveal net 
changes in spine density over time (Holtmatt et al., 2006; Trachtenberg et al., 2002; Xu et al., 
2009; Yang et al., 2009). This contradicts findings of learning-related changes in spine densities 
on various dendritic populations of Golgi-stained pyramidal neurons in the motor cortex of rats 
(Greenough & Withers, 1985; Withers & Greenough, 1989; Wang et al., 2012) and nonhuman 
primates (Nudo et al., 1996), as well as transmission electron microscopy evidence of increases 
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in synapse quantities in the same species (Adkins et al., 2002; Jones et al., 1997; Keim et al., 
2002; Kleim et al., 2003). Besides the species differences, a major difference between these two 
sets of studies has been the dendritic subpopulations examined. Most in vivo analyses of spine 
density have been restricted to the first several hundred microns of superficial cortex, which 
contains fanlike dendritic arbors of pyramidal neurons called apical tufts that extend into layer I 
of cortex. Most histological studies have focused on deeper dendrites, primarily those located 
within layers II/III and V. We therefore sought to clarify whether spines on different 
subpopulations of dendrites of the same neuronal population respond differently to manual skill 
learning.  
2.3 Methods   
2.3.1 subjects  
 
Eighteen male C57/BL6 Yellow Fluorescent Protein (YFP)-H line transgenic mice (B6/Cg-Tg 
(thy-1 YFPH) 2Jrs/J) expressing YFP in a subset of layer five pyramidal neurons (Feng et al., 
2000) and 5 male wild type C57/BL6 mice were used. All animals were bred at the Animal 
Resource Center at the University of Texas at Austin (ARC) and were between 4 and 5 months 
old at the time of cranial window implantation (M ± SE weight, 24.69 ± 0.64g). Mice were 
placed into one of three groups that underwent: (1) training for 15 consecutive days (Trained 
15D, n = 5), (2) training that stopped after 3 days (Trained 3D, n = 5) or (3) no-training control 










 Figure 2.1 Experimental approach. (A) Experimental timeline. (B) Sample region within 
cranial window. (C) Low magnification image of YFP fluorescence. (D) High magnification 
time-lapse imaging of an individual dendritic branch within the sample region of an untrained 
control 
  
Three mice with extremely dense labeling of YFP and two mice that died during early imaging 
sessions were omitted from the experiment. Of the remaining 15 YFP expressing mice, data from 
the last imaging session of 3 mice (n = 1 per group) were not available due to issues with 
window clarity or altered fluorescence. The wild type mice were used to corroborate the 
behavioral results of the Trained 3D condition. Mice were housed in groups of two to four on a 
12:12 hour light/dark cycle and received food and water ad libitum prior to behavioral testing. 
Each cage had standardized supplementation including wooden toys, bedding and polyvinyl 
chloride pipes which were replaced weekly. During behavioral procedures, mice were placed on 
scheduled feeding (2.5-3g food once per day) to avoid satiation during behavioral training. Body 
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weights were not permitted to fall below 90% of free feeding weights (M ± SE body weight: 
21.91 ± 0.49g, over the experimental time course). All animal use was in accordance with a 
protocol approved by the Animal Care and Use Committee of the University of Texas at Austin. 
2.3.2 Cranial Window Implantation 
 
Mice were anesthetized with ketamine (4 mg/kg, i.p.) and xylazine (3 mg/kg, i.p.). 
Dexamethasone (2 mg/kg, i.p.) and carprofen (2.5 mg/kg, i.p.) were administered to help 
minimize cortical swelling during surgical procedures. Booster injections of ketamine (50 
mg/kg) were given as needed to maintain anesthetic plane. Following midline incision, a 3 mm 
circular region was thinned using a high-speed dental drill and a 0.5mm drill bit, and skull was 
removed leaving dura intact. Saline was frequently applied to protect the brain from overheating. 
Skull was then replaced with a thin No. 1 coverglass (Warner Instruments, #64-0720) and sealed 
with cyanoacrilade (3M Vetbond Tissue Adhesive, #1469) and dental cement. All windows were 
made over the forelimb area of the right motor cortex as defined previously from intracortical 
microstimulation mapping experiments (Tennant et al., 2011). Briefly, windows were placed 
approximately 2 mm rostral to bregma and 0.5 mm lateral to midline. Following surgery animals 
were given buprenorphine (3 mg/kg, s.c.) for pain management and allowed to recover in their 
cage for three weeks with food and water ad libitum prior to behavioral procedures. For the first 
week, animals were given daily injections of carprofen (2.5 mg/kg, i.p.) to help minimize 
inflammation following surgery. A three-week recovery period was chosen to ensure that spine 
dynamics were unaffected by any residual inflammation from surgery (Xu et al., 2007). 
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2.3.3 Behavioral training 
 
Mice were trained on a skilled reaching task, the Pasta Matrix Reaching Task, as previously 
described (Ballermann et al., 2001; Tennant & Jones, 2012). Briefly, mice were trained to reach 
for and break small pieces of uncooked capellini pasta (3.2 cm in height and 1 mm diameter; 
DeCecco brand, Fratelli De Cecco di Filippo Fara San Martino S.p.A., Italy), arranged vertically 
in a matrix outside of the chamber opening (Fig. 2.2). In order to successfully retrieve a pasta 
piece, mice needed to reach outside of the chamber opening, grasp the pasta and break it by 
pulling it. Pasta pieces were not replaced once broken, such that on each successive attempt 
animals were required to change the reach trajectory in order to obtain the next piece of pasta.  
      Reaching practice was restricted to the animal’s left forelimb, contralateral to cranial 
window implantation. For shaping, animals were given small pieces of pasta on the chamber 
floor, too small for pasta handling (Xu et al., 2009) and encouraged to reach towards a matrix of 
pasta that was placed just outside the chamber opening. To ensure that animals did not reach 
with their right forelimb, pasta was arranged in matrix positions on the right hand side of the 
chamber opening only. Given that practice in pasta handling alone can increase spine turnover in 
motor cortex of young animals (Xu et al., 2009), a strict criterion for the cessation of shaping 
was used to minimize its contribution to training effects on spine turnover. Training commenced 
once the animal made a total of five reach attempts or was able to break two pieces of pasta. 
  Training procedures lasted for either 3 (Trained 3D) or 15 days (Trained 15D). Each day, 
mice were placed in the chamber for either 15 minutes or until they made 100 reach attempts. 
Mice in the Trained 3D condition received control procedures for the remaining eleven days, 
followed by a final test on day 15 to probe for reaching performance. Control procedures 
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consisted of placing animals into reaching chambers without a pasta matrix, but with small pasta 
pieces (too small for pasta handling) on the chamber floor at the same time and for the same 
duration that a yoked mouse was being trained on the Pasta Matrix Reaching Task (Tennant & 
Jones, 2012).  
 
Figure 2.2 The Pasta Matrix Reaching Task. (A) Animals learned to reach for pasta arranged 
in a 10 x 10 matrix through an opening outside of a plexiglass chamber. (B) Performance on the 
pasta matrix task in animals trained for either 15 days (Trained 15D) or 3 days (Trained 3D). 
Data are M±SE. See also Supplementary Figures 1-3. 
 
2.3.4 In vivo imaging of dendrites 
Animals were anesthetized with 1.5-2.5% isoflurane and inserted into a custom made stereotaxic 
apparatus fitted with a headbar to minimize breathing artifact. All images were gathered within 
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the caudal forelimb area (CFA) of the motor cortex defined in a previous intracortical 
microstimulation study (Tennant & Jones, 2011). The localization of sample sites across imaging 
sessions was guided by superficial vascular landmarks (Fig. 2.1B). Images were acquired using a 
Prairie Ultima standard two-photon microscope with a Ti:Sapphire laser tuned to 920 nm (YFP) 
at low laser power (~30 mW) to minimize phototoxicity. Laser power was adjusted through a 
Pockels cell in order to obtain near identical fluorescence at each imaging location and across 
imaging days. High-resolution three dimensional image stacks (Fig. 2.1D) were gathered 
between 50 and 200 µm from the pial surface using a water immersion objective (40x, 0.8 NA, 
Olympus) and a digital zoom of 4X. Image stacks consisted of 150-200 optical sections spaced 
0.7 µm apart covering an area of 240 µm x 240 µm (512 x 512 pixels, 0.13 µm/pixel). Four to 
five image stacks spaced 250 µm apart in any direction and containing at least ten dendrites with 
visible spines were obtained for each animal. Animals received two baseline imaging sessions 
spaced five days apart, with the second imaging session following the second shaping day but 
prior to the onset of formal behavioral training. Animals were imaged on training days 3, 6, 10 
and one day following the final training session (on day 16). 
2.3.5 Spine dynamics analyses 
All analyses of dendritic spine turnover and spine density were performed blind to experimental 
condition. For analysis of in vivo spine dynamics a total of 8-10 dendritic segments per image 
stack, each at least 20 µm in length, were analyzed (~150-250 spines per animal) using ImageJ. 
(Rasband, 1997-2016). Spines were considered to be the same between imaging sessions based 
on their relative position to adjacent dendrites and spines. Only dendrites parallel to the imaging 
plane in both views were used for analyses to minimize possible rotational artifacts, and 
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dendrites containing saturated pixels were excluded. If the distance between a given spine and 
adjacent landmark was more than 0.7 µm from its relative position in the previous image, it was 
counted as different, a distance chosen based on both the resolution of the two-photon 
microscope (~0.7 µm) and previous reports that spines can move up to 0.3 µm in either direction 
due to changes in spine morphology, slight rotation of the head, or breathing artifact 
(Grutzlender et al., 2002). Spine turnover was measured by comparing dendritic protrusions in 
the image being analyzed to those in the previous imaging session. A spine was counted as stable 
if it appeared in both the previous imaging session and the one being analyzed, as newly formed 
if it was only present in the image being analyzed, and as eliminated if it was visible in the 
previous imaging session but not the one being analyzed. Filopodia, defined as long dendritic 
protrusions with no head, were rarely observed and excluded from analyses of spine turnover 
(Padmashri et al., 2013). The percentage of spine formation and elimination was calculated as 
the number of spines gained or lost divided by the total number of stable spines in the analyzed 
imaging session (Xu et al., 2009). Analyses were performed on raw unprocessed image stacks 
but for presentation purposes, images are shown as maximum intensity projections consisting of 
5-10 optical sections with median and Gaussian filters applied. 
2.3.6 Histological preparation and spine density analysis 
 
Mice were overdosed with a lethal injection of sodium pentobarbital and transcardially perfused 
with 0.1M phosphate buffer (PB) saline and 4% paraformaldehyde two weeks following the final 
imaging time point. The two week delay was to ensure that any training effects on spine density 
could conceivably be related to skill retention. Coronal sections (50 µm) were cut using a Leica 
VT1000S vibratome and mounted on slides for subsequent analysis of spine density on YFP+ 
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pyramidal neurons using confocal microscopy. Image stacks were acquired using the confocal 
mode on the two-photon microscope. The dichroic mirror was replaced with a lens tuned to 
488nm (FITC) and image stacks containing apical dendritic branches within layer I (≤200 µm 
from the surface) and layer II/III (between 200-400 µm from the surface) of motor cortex were 
gathered using a water immersion objective (40x, 0.8 NA; Olympus). All spine density analyses 
were performed using Image J software. For layer II/III dendrites, a total of ten apical dendrites 
measuring at least 50 µm in length within cytoarchitectural motor cortex boundaries were 
sampled per hemisphere in each animal (Tennant et al., 2011). For layer 1 dendrites (the sample 
region for in vivo imaging) we took a slightly more liberal approach due to observed mechanical 
damage (presumably from sectioning) of this sampling region in several animals. Between 8-10 
dendrites per hemisphere per animal measuring at least 35 µm in length were analyzed. Data 
from one animal in the Trained 3D group had to be omitted from spine density analyses due to 
tissue damage incurred at the time of extraction. Data from an additional 3 animals (n = 2 
Trained 15D, n = 1 Trained 3D) had to be omitted from the layer 1 measures due to an inability 
to localize a sufficient sample of intact dendrites of this length.  For all dendritic analyses, spines 
along the length of measured dendrite were manually counted, and density was calculated as 
total spines per length of dendrite.  
2.3.7 Statistical analyses  
 
All statistical analyses were performed using the SPSS software package. Paired and 
independent samples t-tests were used for within and between group examinations of behavioral 
performance on the pasta matrix reaching task respectively. Repeated measures analyses of 
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variance (ANOVAs) were used to examine group differences in spine measures over time in 
trained animals versus controls and between the two training durations, and the Shapiro-Wilks 
test was used to check for normality. When warranted by significant Group by Day interactions, 
post hoc group comparisons per time point were performed using Holm-Bonferroni corrected t-
tests. The last imaging time point (Day 16) was omitted from the ANOVAs because of animal 
attrition at this time point, and instead, within-animal comparisons between Day 16 and pre-
training time points were analyzed with t-tests. Day 16 was also counted as a comparison in the 
Bonferroni-Holm's correction when post-hoc tests per time point were warranted by ANOVA 
results. Pearson correlations were used to probe for relationships between behavioral and new 
spine survival. Paired t-tests were used to probe for within-animal differences in layer II/III spine 
density in trained compared to untrained motor cortices.  
2.4 Results  
2.4.1 Manual skill training increased dendritic spine turnover  
In adult mice, spines along the superficial dendrites of YFP-labeled pyramidal neurons have been 
found to be remarkably stable, with only ~3% of spines forming and disappearing over a one-
week period (Grutzendler et al., 2002). We found that over 3 days of training on a skilled 
reaching task (Fig. 2.2) spine formation in adult animals more than doubled compared to baseline 
(Fig. 2.3A). Prior to training, the M ± SE percentage of new-to-pre-existing spines was 3.0 ± 0.3, 
which increased to 7.2 ± 0.3 after 3 days of training, whereas in untrained controls there was 
minimal change in the percentage of new-to-pre-existing across the same time points (3.2 ± 1.3 
and 3.0 ± 1.2, respectively; Fig. 2.3B).  The increase in spine formation in trained animals was 
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followed by an equal and opposite increase in spine elimination by day 6 of training. Spine 
formation and elimination returned to baseline levels for the remainder of the training period, 
and there was no net change in spine density by either of the final two imaging sessions. Animals 
that received no-training control procedures showed minimal changes in spine turnover across 
the same imaging intervals (Fig. 2.3B). In repeated measures ANOVAs for the Trained 15D 
group compared with Controls, there was a main effect of time on both spine formation (F(4,24) = 
11.85, p < .001) and spine elimination (F(4, 24) = 12.99, p < .001), as well as a significant group by 
time interaction for both (formation: F(4, 24) = 13.05, elimination: F(4, 24) = 13.05, p's < .001), indicating 






Figure 2.3 Skill training increased spine formation and subsequent elimination in 
trained motor cortex. (A) M±SE rate of spine turnover throughout the period of training on 
the pasta matrix task. In animals trained for 15 days (Trained 15D), spine formation 
increased over 3 days of training compared to baseline (**p<0.001) and was followed by an 
equal and opposite increase in spine elimination by day 6 (**p<0.001 versus baseline). 
Turnover rates returned to baseline levels by day 10. (B) There was little variation in the rate 
of spine turnover during the same time course in untrained controls. (C-D) The pattern and 
rate of spine turnover was comparable in animals that were trained for 3 days (Trained 3D) 
and 15 days. 
 
 Among the groups receiving either 3 or 15 days of training, behavioral performance in 
the first three days of training was similar (Fig. 2.2B) as were patterns of spine turnover (Fig. 
2.3C and 2.3D). There was a significant main effect of time on both formation (F(4, 24) = 36.39 p < 
.001) and elimination (F(4,24) = 51.34, p < .001) but no group by time interaction (Fig 3B, 
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Formation: F(4,24) = 0.143; Elimination: F(4,24) > 1.97, p's > 0.05), indicating that both groups show 
similar rates of spine turnover across time points.  
Similar results have been found in adolescent mice receiving training on a skilled 
reaching task; however the rates of spine turnover were much higher and increases were 
observed as quickly as one hour after the first training session (Xu et al., 2009). We imaged a 
subset of trained animals (n=3) after the first day of training and found no change in spine 
turnover compared to baseline turnover rates (t(2) = 3.00, p > .05; M ± SE % turnover at baseline:  
3.50 ± 0.15 formation, 2.77 ± 0.58 elimination; on training day 1: 3.27 ± 0.15 formation, 3.28 ± 
0.14 elimination). Together, these results indicate that novel manual skill learning produces 
similar, albeit of lower magnitude and slower in time course, alterations in spine turnover on the 
superficial dendritic branches of layer V pyramidal neurons in the motor cortex of adults as it 
does in juveniles. 
2.4.2 Preferential Stabilization of New Spines Depended on Continued Training 
Spines formed during acquisition of a fine motor skill task in juveniles have been found to persist 
in much higher proportions over a period of continued training than do new spines in untrained 
controls, consistent with the possibility that the preferential stabilization of newly formed spines 
is a mechanism that contributes to retention of newly acquired skill (Xu et al., 2009). We tracked 
the fates of newly formed spines (Fig. 2.4A) and found that in animals with ongoing training new 
spines that appeared by day 3 persisted in much greater proportions at later time points than did 
newly formed spines in controls over the same time span (Fig. 2.4B). In contrast, spines that 
were present prior to the onset of training were more likely to disappear over the same time 
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period in trained animals than in controls (Fig. 2.4C). In both groups, new spines disappeared in 
greater proportions than pre-existing spines, but the relative proportion of new spines that 
persisted was  doubled in animals with continued training (Fig. 2.4D). Repeated measures 
ANOVAs of the fates of new and pre-existing spines after day 3 revealed significant effects of 
Group (Trained 15D versus Control, F’s(1, 8) = 13.94 and 26.03, respectively, p's < .001) but no 
Group by Time interactions. By day 16, the proportions of persisting new and pre-existing spines 
continued to be significantly greater in the Trained 15D group compared with controls (p's < 
.03). These results support that, as with juveniles, fine motor skill learning in adults is associated 
with the preferential stabilization of spines that are formed early in the process of skill 
acquisition on the superficial dendrites of layer V pyramidal neurons. 
 We next asked whether continued training was necessary for the preferential stabilization 
of newly formed spines. In a subset of animals, we stopped training procedures after day 3 
(Trained 3D), the peak of spine formation, and followed the fates of newly formed spines over 
the next two weeks (Fig. 2.4A). The percentage of new spines that remained after day 3 was 
greatly reduced in animals that stopped training compared to those with continued training 
(ANOVA Trained 15D vs. Trained 3D Group effect: F(1, 8)  = 70.94, p < .0001). The Trained 3D 
group showed a similar pattern of increased spine formation followed by increased spine 
elimination (Fig. 2.3C and 3D), including increased elimination of pre-existing spines (Fig. 
2.4C), as those trained for 15 days, but in the absence of further training, the newly formed 
spines were not preferentially stabilized, disappearing at very high rates similar to controls (Fig. 
2.4B). These results support that the preferential stabilization of new spines that are generated 





Figure 2.4 Newly formed spines were preferentially stabilized by continued training. (A) 
Example of spine dynamics from an animal receiving 15 days (top) and 3 days  (bottom) of 
training. Similar rates of spine formation (arrow heads) were found across training conditions on 
day 3.  
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Figure 2.4 Cont. On subsequent days newly formed spines were more likely to remain (block 
arrows) in animals with ongoing training and more likely to disappear (asterisks) in animals that 
stopped training. Scale bar = 2um. (B) The proportion of new spines generated by the third 
training day that persisted to the final imaging time point was significantly greater in the Trained 
15D group compared to both controls and the Trained 3D group.  (C). Pre-existing spines were 
more likely to disappear in Trained 15D versus Control, but the two training duration groups lost 
pre-existing spines in similar proportions that were not significantly different. Note the 
difference in scales between (B) and (C).  (D) The Trained 15D group showed the greatest new 
spine persistence in proportion to pre-existing spine persistence compared to both trained 3D 
animals and control animals. (E) Despite high rates of new spine elimination, the Trained 3D 
group had a significantly increased relative quantity of persisting new spines compared with 
controls on days 10 and 16 (p's<= .017)., though these quantities were diminished relative to the 
Trained 15D group. *p<.017, **p<.005, ***p<.0005, Trained 15D vs. Control; †p<.017, 
††p<.0005, †††p<.0005, Trained 15D vs. Trained 3D. Data are M±SE. 
  
Unlike the stabilization of new spines, the persistence of skills learned in the early 
training period was not dependent on continued practice. When tested after 12 days of no-
training control procedures, briefly trained mice performed as well as they did on day 3 as 
measured by the number of pasta pieces retrieved (Fig. 2.2B; t(4) = 2.78, p = .24). Performance 
improvements similarly endured in a group of wild type mice that underwent the same brief 
training procedure (Fig. 2.5). While the difference between the two training groups at day 15 in 
the number of pasta pieces retrieved failed to reach significance (t(8) = 2.30, p = .062), the 
efficiency with which mice retrieved pasta, as measured by the % retrievals per reach attempt, 
was significantly improved with continued training (Figs. 2.6-2.7). Nevertheless, gains in 
reaching efficiency that were achieved by the third training day also endured in the absence of 
continued training (Fig. 2.6B). These results indicate that the persistence of skill learned during 
the early training period did not depend on the preferential stabilization of spines that were 
formed during that period. 
 33 
 
Figure 2.5 Reaching performance in YFP+ and wildtype mice. Reaching performance was 
very similar in YFP expressing mice that received 3 days of training compared with wild type 
mice (Trained 3D WT, n=5) that received the same training duration. Data from the Trained 15D 




Figure 2.6 Reach attempts disaggregated by matrix position. Number of reach attempts to 
retrieve pasta pieces and % of mice retrieving the pieces per matrix position. The position of row 
1, column 1 is closest to the reaching window. Matrix positions in which no mouse retrieved 
pasta are omitted from the plots.  Data from YFP expressing and wildtype mice are pooled in the 




Figure 2.7  Reaching efficiency, as assessed by success per reach attempt, improved with 
more training. A, This analysis was restricted to matrix positions (shaded) in which pasta pieces 
were retrieved by at least 70% of the mice of both training durations on Day 15 to minimize the 
contribution of increased difficulty of retrieving pieces outside of it. B, On day 15, the Trained 
15D group had improved success rates compared with Trained 3D (*p=.009). C, Gains in 
reaching success between days 3 and 15 were significantly greater in the mice with more training 
(*p=.008). However, most mice in the Trained 3D condition had success rates on day 15 that 
were slightly improved relative to day 3. D, A similar pattern of results was observed when the 
analysis was further restricted within mice to those shaded matrix positions from which pasta 
pieces were retrieved on both days 3 and 15 (*p=.007). Note the difference in scales between C 
and D. Data are M ± SE. 
 
2.4.3 Training Increased the Population of Persisting New Spines Without Preferential 
Stabilization 
The major increase in spine formation in the first three training days could be expected to 
increase the total population of persisting new spines relative to controls even in the absence of 
their preferential stabilization. We estimated new spine quantities as a relative factor of total 
spines counted at baseline to account for variability in the number of spines sampled between 
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animals (Fig. 2.4E). Mice with 3 days of training had relative quantities of persisting new spines 
that were intermediate between those of controls and mice with 15 days of training. In comparing 
mice with 3 versus 15 days of training, there was a significant effect of Group on the relative 
quantities of new spines that persisted on days 6 and 10 (F(1, 8)  = 5.51, p = .04). By day 16, the 
relative quantities of new spines continued to be significantly increased in the Trained 15D group 
compared with the Trained 3D group (p = .027). Both training durations, however, had increased 
relative quantities of persisting new spines compared with controls (ANOVA Group effects, 
Trained 15D vs. Control: F(1, 8) = 35.41, p < .001, Trained 3D vs. Control: F(1,8) = 31.90, p <.001). 
Thus, while the present results indicate that the endurance of newly learned skill cannot be 
attributed to preferential stabilization of new spines, it remains possible that the persistence, after 
training stopped, of a modest proportion of the new spines that were formed early in training 
contributed to the endurance of skills learned in the same time period. 
2.4.4 Persisting New Spines Predicted Performance Gains 
To probe whether preferential new spine stabilization was associated behavioral improvement, 
we analyzed the relationship between the proportion of persisting new spines and performance 
gains between days 3 and 15, as measured by the difference in pasta pieces broken. Performance 
gains were positively correlated with the % of new spines formed on day 3 that were still present 
on days 10 (r = 0.82, t(8) = 4.18, p = .015; Fig. 2.8A) and 16 (r = 0.87, t(6)  = 4.33, p = .004), 
indicating that the stabilization of the spines that were formed during the first 3 days of training 
is associated with subsequent improvements in behavioral performance.  These performance 
gains were similarly correlated with relative quantities of new spines remaining on day 10 (r = 
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0.84, t(8) = 4.44, p = .002; Fig. 2.8B). These results indicate that both the preferential 
stabilization and the persisting quantity of new spines that are formed on superficial dendrites of 
layer V pyramidal neurons early in the process of acquiring a new motor skill are associated with 
skill refinement.  
 
Figure 2.8 New spine stabilization predicted performance gains. (A) Performance gains, 
measured by the difference in pasta retrieved on day 15 versus 3, positively correlate with the 
percentage of new persisting spines (*p= 0.016) and (D) the relative quantities of new persisting 
spines (* p= 0.002) at day 10 in both training groups.  
 
2.4.5 Skills Training Induced Subpopulation-Specific Increases in Dendritic Spine Density  
While training was associated with a significant increase in spine formation and 
subsequent elimination on the superficial apical branches of layer V pyramidal neurons in motor 
cortex in vivo, rates of formation and elimination were nearly equal, and thus no net change in 
spine density was observed. The absence of net changes in spine quantities on these dendrites has 
been consistently reported in in vivo imaging studies (Grutzlendler et al., 2002; Trachtenberg et 
al., 2001; Zuo et al., 2005) but it contradicts reports of training induced alterations in spine 
density on dendrites that are deeper in the cortex (e.g., Greenough & Withers, 1985; Withers & 
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Greenough, 1989; Wang et al., 2012). We examined the possibility that this contradiction reflects 
dendritic subpopulation-dependent variation. In the same mice imaged in vivo, we histologically 
examined spine density on the apical branches of YFP expressing layer V pyramidal neurons 
within layers I and layer II/III of motor cortex using confocal microscopy (Fig. 2.9A and B). 
Consistent with the in vivo results, spine density in layer I was found to be similar in the trained 
and untrained hemispheres of both groups (Fig. 2.9C; Trained 15D, t(2) = 4.30, p =.49; Trained 
3D, t(2) = 4.30, p = .90). In contrast, spine density in layer II/III was significantly greater in the 
trained compared to the untrained hemisphere in both training groups (Fig. 2.9D; Trained 15D, t(4) 
= 2.78, p < .01; Trained 3D, t(3) = 2.41, p < .01). These results suggest that there are dendritic 
subpopulation-specific structural responses to training, which can explain differences between in 
vivo and fixed tissue results. That spine density was similarly increased in the Trained 3D group 
versus Trained 15D group (t(7) = 1.93, p = .98, Fig. 2.9D) is also generally consistent with the 
possibility that the net increases in spine density on this dendritic subpopulation could be a 




Figure 2.9 Brief and extended training increased spine densities on apical branches of layer 
V neurons in layer II/III but not layer 1 of trained motor cortex. (A) Illustration of apical 
dendritic subpopulations of layer V pyramidal neurons that were sampled in vivo and 
histologically. (B) Confocal images of apical dendritic branches sampled from layer I (top) and 
layer II/III (bottom) from histological samples. Scale bar = 10um. (C) Consistent with in vivo 
results, spine densities on layer I dendrites were similar between trained and untrained 
hemispheres in Trained 15D (n=3,p=0.49) and Trained 3D (n=3,p=0.90) groups. (D) Spine 
density on layer II/III dendrites was increased in trained versus untrained motor cortex in both 







Previous findings have raised the possibility that the preferential stabilization of new dendritic 
spines that are formed early in the process of learning a new motor skill in superficial motor 
cortex could be a mechanism contributing to lasting memory for that skill (Xu et al., 2009; Yang 
et al., 2009). Newly formed spines tend to be transient, disappearing in much greater proportions 
than do pre-existing spines (Chen et al., 2014). In mice trained in a skilled reaching task (Xu et 
al., 2009) or on an accelerating rotarod (Yang et al., 2009), the spines that are formed early in 
training during a period of increased spine turnover persist in greater proportions than do new 
spines in untrained controls, supporting that new spines are preferentially stabilized during motor 
skill learning. Whether this new population of stabilized spines was necessary for long-term 
retention of the newly acquired had not been determined.  In the present study, by examining the 
maintenance of newly formed spines in mice with ongoing training compared to mice that were 
only briefly trained, we found that continued training is required for the preferential stabilization 
of spines that are formed in response to the initial training. In proportions and relative quantities, 
stabilized new spines were correlated with the magnitude of performance improvements between 
the third and final training sessions. However, the preferential stabilization of new spines could 
not have been essential for the retention of the new skill because mice in the briefly trained 
condition maintained the skill that they learned while losing new spines in proportions similar to 
untrained controls. A summary of these experimental results is shown in Illustration 2.1. 
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Illustration 2.1 Summary of experimental results. In adult mice, in the early phase of learning 
a new motor skill there are increases in spine formation on layer I apical branches in trained 
motor cortex. Upon continued training, the new spines are preferentially stabilized, which is 
predictive of performance improvements, and this occurs at the expense of pre-existing spines 
such that the relative spine density remains unchanged. In the absence of continued training, new 
spines are more likely to disappear, but the skill that was learned earlier does not. The early 
phase of learning also increases the density of spines on apical dendrites in layer II/III (although 
when that occurs is unknown) and this increase does not depend on continued training.  
 
  Motor skill learning involves the acquisition of complex movement combinations that are 
refined with practice and retained for long time periods (Luft & Buitrago, 2005). Across training 
sessions, motor skill learning curves are characterized by an early phase of rapid performance 
improvements followed by a period of more gradual improvements (Diedrichsen & Kornysheva, 
2015; Karni et al., 1998; Kleim et al., 1996; Kleim et al., 2005; Luft & Buitrago, 2005). In the 
present study, the end of the brief training period was near the end of this early phase of rapid 
performance improvements (~ the first 4 days), which was also during the period of increased 
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spine formation. This was followed in both training groups by an equal amount of spine 
elimination. However, in mice with continued training, new spines survived this elimination 
process in almost twice the proportion as did the new spines of mice that had ceased training. 
The stabilization of new spines during motor skill learning is associated with increases in their 
size (Fu et al., 2012), and spine size reflects the strength of the synapse (Hofer et al., 2009; 
Roberts et al., 2010; Yasumatsu et al., 2008). Thus, spine stabilization can reflect synapse 
maturation. Since the survival and maturation of synapses is neural activity-dependent (Katz & 
Shatz, 1996; Marrs et al., 2001; Star et al., 2002; Wong & Ghosh, 2002; Yasumatsu et al., 2008), 
it seems likely that the preferential survival of nascent spines only in mice with continued 
training reflects that these spines were sufficiently activated to promote the maturation of their 
synapses as the animals practiced, and continued to subtly improve performance in the reaching 
task.  
 Given its dependency on continued training and correlation with performance 
improvements, the overall pattern of the present results is consistent with a greater involvement 
of the preferential stabilization of new spines in ongoing skill refinement than in the memory of 
the skill that was learned as the new spines were formed. This obviously does not rule out that 
the modest proportion of new spines that persisted in the absence of continued training 
contributed to memory for skill learned in the early training period. It also does not rule out a 
contribution of the preferential stabilization of this population of spines in skill memory. In the 
process of learning motor skills, the more subtle performance improvements that occur after the 
early learning phase presumably reflect the accumulation of subtle refinements in movement 
strategy, which depend on retention of those refinements that were established before. It may 
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very well be that the preferential stabilization of new spines is involved in this accumulated 
memory of skill refinements in the gradual learning phase.  
 About a third of new spines that appear during the early learning phase form in clusters, 
and such clusters are more likely to persist with prolonged training compared to individual spines 
(Fu et al., 2012). Formation of new spine clusters over 4 days depends on task practice, and 
successive new spines accompany strengthening of the first spine in the cluster (Fu et al., 2012). 
Thus, it may be the stabilization of the new spine clusters specifically, rather than newly formed 
spines in general, that is associated with improvements in motor performance. Consistent with 
this, fmr1 knockout mice (a fragile x syndrome model) have more limited performance 
improvements with ongoing motor training compared with wildtype mice (Padmashri et al., 
2013) as well as reduced spine formation and clustering, but they do not have reductions in the 
proportions of new spines that are stabilized (Reiner & Dunavesky, 2015). Thus, the greater 
spine stabilization that was associated with performance improvements in our study was 
potentially mediated by repeated practice-dependent activation of newly formed spine clusters 
(Fu et al., 2012; Kasai et al., 2010).  
    We also found that spine changes varied between the superficial and deeper dendrites of 
layer V pyramidal neurons. Similar to previous studies (Holtmaat et al., 2006; Trachtenberg et 
al., 2002; Xu et al., 2009; Yang et al., 2009) we found no net change in spine density on the 
superficial apical dendrites of layer V pyramidal neurons imaged in vivo. Histological analyses 
of this superficial population of dendrites confirmed a lack of net change in spine densities 
between the trained and untrained hemispheres. In contrast, we found that spine density on 
deeper apical dendrites within layer II/III was increased in the trained compared with untrained 
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motor cortex. These results indicate variation in the structural effects of skill learning even 
across nearby dendritic subpopulations of the same neuronal population. Such variation is not 
surprising in the context of abundant fixed-tissue evidence for laminar specific (Adkins et al., 
2002; Uylings et al., 1978; Wang et al., 2012) and neuron population specific (Uylings et al., 
1978; Wang et al., 2012; Withers & Greenough, 1989) dendritic structural plasticity in response 
to various manipulations of behavioral experience in rats. Motor skill training in rats also affects 
the structure of different pyramidal neuron populations differently (Kleim, et al., 2002; 
Greenough & Withers, 1985; Withers & Greenough, 1989). Wang and colleagues (2012) have 
found that skilled reach training in rats induces distinct structural plasticity in different subsets of 
the same neuronal population (layer V apical versus basilar dendrites). The pattern of structural 
changes across subpopulations of pyramidal neurons and their dendrites also vary with different 
motor tasks (Kolb, 2008). Some differences in how spine dynamics on the superficial apical 
branches of layer II/III (Ma et al., 2016) versus layer V (Yang et al., 2014) pyramidal neurons of 
mice are affected by rotorod or treadmill training have also been reported. Thus, evidence from 
histological and in vivo studies converge to support that dendritic structural responses to skill 
learning vary across different dendritic subpopulations of motor cortex.  
 That spine densities within layer II/III were similarly increased in both training groups, as 
assessed two weeks after the final (Day 15) training session is generally consistent with the 
potential involvement of this structural change in the persistence of skill that was learned during 
the initial training period. However, because measurements of spine density were assessed 
histologically, the time course of the spine addition remains unknown, and it is also possible that 
there were earlier differences in spine densities between the two training groups that were 
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missed. However, Gloor et al. (2015) have found that the basilar and apical dendrites of layer V 
pyramidal neurons in rats continue to increase in length after skilled reach training stops, peaking 
one month after the end of training and shrinking thereafter. Therefore, it is possible that the 
observed increases in spine density would not have been as evident earlier and also that they may 
in fact return to baseline levels at later time points after the end of training.  
     Superficial dendrites have not been a popular choice as the focus of histological 
analyses, possibly due to challenges related to the high density of dendrites in superficial cortex 
and its tendency to accrue damage during histological tissue processing. For in vivo imaging, the 
clarity with which superficial dendrites can be visualized with two photon microscopy to enable 
real time assays of experience-induced synaptic plasticity is compelling of the focus on this 
population. Still, the exact functional relevance of the observed structural changes remains 
poorly understood. Here we have shown that while motor skill learning is associated with the 
formation and preferential stabilization of new spines on superficial dendrites of layer V 
pyramidal neurons, the latter is not required for the retention of the newly acquired skill. Instead, 
the degree to which new spines are preferentially stabilized could reflect the degree to which the 
process of skill mastery continues. In addition, we found strikingly different structural responses 
to skill learning on dendrites slightly deeper in cortex. In layers II/III, but not in layer I, spine 
densities on apical dendrites of layer V pyramidal neurons increased, similarly so in mice with 
brief or more prolonged training, indicating that spine changes even on the same dendritic 
population can vary greatly with dendritic location, and that net increases in spines on the deeper 
subpopulation is potentially a structural substrate for the long-term retention of skills acquired 
early in training  
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  Motor skill learning involves the generation of complex movement patterns that are 
learned with repeated practice. Mastery of a motor skill is reflected in increases in efficiency and 
accuracy of the movements (Diedrichsen & Kornysheva, 2015). This complex learning process is 
likely the product of harmonized changes in the synaptic connectivity of numerous neuronal and 
dendritic populations occurring both within and beyond motor cortex. Ours and previous results 
highlight that while in vivo imaging is an invaluable approach for examining the structural basis 
of experience-dependent plasticity, spine alterations occurring on the superficial apical branches 
of cortical pyramidal neurons provide only a small window into training-induced structural 
plasticity, which undoubtedly requires coordination with synaptic changes across diverse 



















Chapter 3: Artery-Targeted Photothrombosis, a Variation of the Photothrombotic Stroke 
Model, Enlarges the Vascular Penumbra, Instigates Peri-Infarct Neovascularization and is 
Suitable for Modeling Upper Extremity Impairments 
Currently under review for publication in The Journal of Cerebral Blood Flow and Metabolism as. ‘Clark, TA., 
Sullender, C., Kazmi, SM., Speetles, BL., Williamson, MR., Palmberg, DM., Dunn, AK., & Jones, TA. Artery 
targeted photothrombosis enlarges the vascular penumbra, instigates peri-infarct neovascularization and models 
upper extremity impairments. CS contibted to the development of the model used for experiments. TC was 
responsible for experiment design, data collection, analysis, interpretation, and writing of this manuscript. 
 
3.1 Abstract  
The photothrombotic stroke model generates localized and reproducible ischemic infarcts 
useful for studying recovery mechanisms, but its failure to produce a substantial ischemic 
penumbra weakens its resemblance to human stroke. We examined whether a modification of 
this approach, confining photodamage to arteries on the cortical surface (artery-targeted 
photothrombosis), could better reproduce aspects of the penumbra. Following artery-targeted or 
traditional photothrombosis in mice, post-ischemic cerebral blood flow was measured using 
multi-exposure speckle imaging at 6, 48, and 120 h post-occlusion. Artery-targeted 
photothrombosis produced a more graded penumbra at 48 and 120 h. Vascular density of 
isolectin B4+ vessels in peri-infarct cortex, was similarly increased in both groups compared to 
sham at 2 weeks indicating that both models instigated post-ischemic vascular structural 
changes. We also tested the suitability of artery-targeted photothrombosis for modeling motor 
impairments. In mice trained on a skilled reaching task, small motor-cortical infarcts impaired 
skilled-reaching performance for up to 10 days. Together, these results support that artery-
targeted photothrombosis widens the penumbra while maintaining the ability to create localized 
infarcts useful for modeling post-stroke impairments.  
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3.2 Introduction  
 
Of particular therapeutic interest in ischemic stroke, is the ischemic penumbra, the region around 
the ischemic core containing tissue in transition from reversible to irreversible damage, the fate 
of which is influenced by post-ischemic vascular events (Fisher et al., 1998; Heiss et al., 2011; 
Murphy & Corbett, 2009; Schaug et al., 1999).  Adequate reperfusion in the penumbra early after 
ischemia onset limits the extent of tissue damage, and the penumbra has therefore been a focus 
of acute neuroprotective treatments (Fisher et al., 1998; Fisher et al., 1997; Gravanis et al., 2008; 
Berkhemer et al., 2015; Cronin et al., 2010; Jaffer et al., 2011).  Adequate CBF also supports 
cellular mechanisms of repair and remodeling over longer time periods, including neuronal 
growth and neovascularization, which are related to improved functional outcomes (Arenillas et 
al., 2007; Hayward et al., 2011; Martin et al., 2012; Lin et al., 2002; Lake et al., 2017; Ohab et 
al., 2006; Taguchi et al., 2009; Sobrino et al., 2007; Bogoslovsky et al., 2010; Krupinski et al., 
1994; Szpak et al., 1999; Cramer et al., 2011).  
The photothrombotic stroke model is well suited for the study of cellular mechanisms of 
functional recovery following ischemia because it creates circumscribed lesions that can be 
placed with anatomical precision, for example, in discrete functional regions of cortex to reliably 
cause behavioral impairments (Carmichael et al., 2005; Dietrich et al., 1986; Watson et al., 
1985). One drawback of the model is that the ischemic penumbra is narrow, making it 
challenging to examine how events unfolding within the penumbra relate to the repair and 
remodeling responses that support improved functional outcomes (Carmichael et al., 2005). 
During photothrombosis, following administration of a photoactive dye (Rose Bengal), 
illumination of a circumscribed region generates singlet oxygen, platelet activation, and damage 
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to endothelial cells (Dietrich et al., 1986; Watson et al., 1985). This results in vasogenic edema, 
which rapidly propagates the developing lesion beyond the illuminated region, and which is 
thought to compromise the development of a penumbra (Carmichael et al., 2005; Dietrich et al., 
1986; Watson et al., 1985). Furthermore, illumination causes non-discriminant damage to 
surrounding tissue, including microvasculature and veins, within the circumscribed region. The 
main goal of the present study was to test whether our recently established method of using a 
digital micromirror device (DMD) to confine illumination to a set of pre-identified arterial 
branches on the cortical surface (Sullender et al., 2018) thereby minimizing damage to 
surrounding brain tissue, could better reproduce a graded vascular penumbra compared to the 
traditional photothrombotic model. We additionally examined the influence of age on the 
development of the penumbra following artery-targeted photothrombosis. 
 Another goal was to determine whether there is neovascularization in the peri-infarct 
region after traditional and artery-targeted photothrombosis. The magnitude and persistence of 
neovascularization in peri-infarct tissue (Szpak, 1999) and its significance for chronic post-stroke 
outcomes, is unclear. In rodent models of focal ischemia (Arenillas et al., 2007; Hayward et al., 
2011; Martin et al., 2012; Lin et al., 2002; Lake et al., 2017; Ohab et al., 2006; Taguchi et al., 
2009) and after human stroke (Sobrino et al., 2007; Bogoslovsky et al., 2010; Krupinski et al., 
1994; Szpak et al., 1999; Cramer et al., 2011),  increased vascular density in the peri-infarct 
cortex has been associated with improved outcomes, but considerable variability in the timing 
and extent of neovascularization has been reported across studies. Additionally, despite ample 
histological evidence for neovascularization in other focal ischemia models (Arenillas et al., 
2007; Hayashi et al., 2003; Hayward et al., 2011; Lin et al., 2002; Lin et al., 2008; Lake et al., 
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2017; Manoonkitiwongsa et al., 2011; Martin et al., 2012; Marti et al., 2000; Ohab et al., 2006; 
Prakash et al., 2013; Tagushi et al., 2004; Thored et al., 2007; Wei et al., 2001; Zhang et al., 
2000) evidence for it in the traditional photothrombotic model is lacking. In vivo imaging studies 
of perfused vessels revealed no evidence for neovascularization after photothrombosis (Brown et 
al., 2007; Schrandt et al., 2015; Tennant et al., 2013)  but this approach cannot rule out the 
existence of newly formed vessels that are not yet perfused. Here, we used histological measures 
of lectin-labeled vessels to assess neovascularization and its potential spatiotemporal variation 
after artery-targeted and traditional photothrombosis.  
A final goal was to determine whether the new model maintains the strength of the 
traditional one for the study of recovery mechanisms. Sufficient damage to the caudal forelimb 
area of motor cortex by photothrombosis results in reliable deficits in skilled forelimb 
movements that have been used to model chronic post-stroke upper-extremity impairments 
(Nudo et al., 1999; Krakauer et al., 2006; Jones et al., 2011). Here we tested whether artery-
targeted photothrombosis of the same region results in enduring impairments in skilled forelimb 
use in mice. 
3.3 Materials and Methods 
3.3.1 Subjects 
A total of 45 well-handled young-adult (young-adult, 4-6mo) C57/Bl6/YFP-H line mice 
of both sexes were used to examine the impact of artery-targeted photothrombosis in motor 
cortex (MC) on CBF and vascular density (n = 22) and skilled forelimb function (n = 23). For 
CBF and vascular density measures, mice were placed into one of three groups: artery-targeted 
photothrombosis (targeted young adult; n = 5 male and n = 4 female), traditional 
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photothrombosis (traditional young-adult; n = 4 male and n = 5 female) or sham (n = 2 male and 
n = 2 female). A separate cohort of middle-aged (middle-aged, 10-12 mo) mice was included to 
examine the impact of age on vascular measures after targeted photothrombosis (targeted 
middle-aged; n = 2 male and n = 4 female). The impact of artery-targeted photothrombosis of 
MC on skilled forelimb function was tested in young-adults undergoing targeted-
photothrombosis (n = 7 male, n = 6 female) or sham procedures (n = 6 male and n = 4 female). 
One male in the targeted young-adult group was included in vascular density, but not CBF, 
measures due to poor window clarity, and 2 males (1 traditional young-adult and 1 targeted 
young-adult) were included in CBF, but not vascular density, measures due to poor lectin 
labeling. Not included in the n’s reported above were three mice in the traditional group (n = 1 
male and n = 2 female) that were omitted from CBF and vascular measures due to lesions greater 
than 2 standard deviations above the group average, and 3 males and 1 female omitted from the 
behavioral measures due to lesions that were greater than 2 standard deviations below the group 
average. Four animals in the middle-aged group were omitted due to lesions greater than 2 
standard deviations from the group average (n = 1 male and n = 1 female), issues with window 
clarity (n = 1 male), or early post-op death (n = 1 male).  
Animals were bred at the Animal Resource Center at the University of Texas at Austin. 
Mice were housed in groups of two to four on a 12:12 hour light/dark cycle. Each cage had 
standardized supplementation including wooden toys, bedding and PVC pipes which were 
replaced weekly. Animals used for CBF and vascular density measures were given food and 
water ad libidum. Mice used in the behavioral study were placed on scheduled feeding (2.5-3 g 
food/day) for the duration of shaping, training and testing procedures. The M ± SE starting 
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weights were 20.97 ± 0.33 g for females and 24.69 ± 0.64 g for males. Animals were weighed 
daily for the first week and then once a week thereafter to ensure they did not fall below 90% of 
their free feeding body weight. All animal use was in accordance with a protocol approved by 
the Animal Care and Use Committee of the University of Texas at Austin. 
3.3.2 Cranial Window Creation  
Mice were anesthetized with ketamine (4 mg/kg, i.p.) and xylazine (3 mg/kg, i.p.). 
Dexamethasone (2 mg/kg s.c.) and carprofen (2.5 mg/kg s.c.) were administered pre-operatively 
to help minimize cortical swelling and inflammation during the procedures. Anesthetic plane was 
monitored via respiratory rate and toe pinch response throughout surgery. Booster injections of 
ketamine (4 mg/kg) were given as needed to maintain anesthesia. Following midline incision of 
the scalp, a 3 mm circular region of skull over frontoparietal cortex was thinned using a high-
speed dental drill with a 0.5 mm diameter drill bit (Fine Science Tools, product #19007-05) and 
removed, leaving dura intact. Saline was frequently applied to protect the brain from 
overheating. Skull was then replaced with a 3 mm diameter No. 1 coverglass (Warner 
Instruments, #64-0720) and sealed with cyanoacrylate (3M Vetbond Tissue Adhesive, #1469) 
and dental cement. All windows were made over the forelimb area of the motor cortex as defined 
previously from intracortical mapping experiments (Tennant et al., 2011).  Medial and anterior 
edges of the window were approximately 2 mm rostral to bregma and 0.5 mm lateral to midline. 
For animals undergoing behavioral procedures, windows were placed over the motor cortex 
contralateral to the preferred-for-reaching forelimb. Following surgery, animals were given 
buprenorphine (3 ml/kg, s.c.) for pain management and allowed to recover in their cage for 1.5-2 
weeks. For the first week after surgery, animals were given daily injections of carprofen (2.5 
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mg/kg, i.p.) to help minimize inflammation that contributes to window clouding.  
3.3.3 Artery-targeted and Traditional Photothrombosis 
Mice were anesthetized with isoflurane (4% induction, 1.5-2% maintenance) in O2 and affixed to 
a stereotaxic frame. Arterial oxygen saturation and heart rate from pulse oximetry (MouseOx; 
Starr Life Sciences Corp. Oakmont, PA, USA) were recorded and temperature was maintained at 
37° C with a feedback temperature control system (FHC Bowdoin, ME, USA). For targeted 
photothrombosis, a green diode laser (product info for laser) was coupled to a digital micro-
mirror device (DMD, LDD400-1P, Wavelength Electronics,Bozeman, MT, USA) to provide 
focused patterned illumination (20 mW) over arteries on the pial surface supplying the forelimb 
region of MC with minimal exposure to surrounding parenchyma (Fig. 3.1A). In order to account 
for variations in the size and caliber of the arteries targeted, a range of 1-3 branches were 
illuminated. The M ± SE target area was 0.15 ± 0.021 mm2). In all animals, the main arteries 
targeted were distal branches of the middle cerebral artery (MCA). In animals with extensive 
collateralization (n = 4), 1-2 distal branches of the anterior cerebral artery (ACA) were also 
illuminated to control the level of collateral flow at the time of occlusion. Thirty seconds 
following retrooribital injection of Rose Bengal (50 µL, 15 mg/mL i.v., Sigma), target vessels 
were irradiated with the patterned laser. For traditional photothrombosis, following the injection 
of rose bengal (100 µl, 15mg/ml i.p.), a green laser fiber (532 nm, Millenia V, Spectra Physics, 
Santa Clara, CA, USA) coupled with a separate objective system (10x, Olympus) delivered 
focused laser illumination (20-24 mW) over a defined region of MC for 12-15 minutes (Fig. 
3.1B).  Sham animals were exposed to laser illumination after injections of sterile saline. In all 
animals, CBF was monitored in real time throughout and 30 min following the occlusion using 
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traditional laser speckle contrast imaging (Kazmi et al., 2013; Parthasarathy et al., 2010).  The 
backscattered laser light was relayed to a CMOS camera (acA1300-60gmNIR, 1280x1024 
pixels, Basler AG, Germany) with ∼2x magnification and acquired at 60 frames-per-second with 
5 ms exposure time using custom software. 
 
Figure 3.1 Comparison between artery-targeted and traditional photothrombotic 
approaches. Schematic diagrams of (A) traditional and (B) artery-targeted photothrombotic 
setups, and laser speckle contrast images (LSCI) depicting CBF before and 30 minutes after each 
(right) All images are shown in the same orientation. For traditional photothrombosis, a 532 nm 
laser was passed through a dichroic mirror to deliver focused photothrombosis over a cortical 
region (red circle).  For artery-targeted photothrombosis, the 532 nm laser was coupled with the 
DMD (digital micromirror device) to provide patterned illumination over the cranial window 
(green overlay). On both setups, a separate 685 nm laser provides oblique illumination for LSCI. 
CMOS, complimentary metal oxide semiconductor.  L, lens; M, mirror; F, filter. ACA, anterior 
cerebral artery; MCA, middle cerebral artery. 
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3.3.4 Multi-Exposure Speckle Imaging of Penumbral CBF 
CBF was monitored following targeted or traditional photothrombosis using multi-exposure 
speckle imaging (MESI) of CBF as previously described (Kazmi et al., 2013, Parthasarathy et 
al., 2010). Briefly, a laser diode (660 nm, Micro Laser Systems, Garden Grove, CA, USA) 
illuminated the craniotomy while simultaneously triggering 15 camera (A602f; Basler Vision 
Technologies, Ahrensburg, Germany) exposure durations spanning 4 decades (0.05 to 80 ms). 
Backscattered light was collected by a 5x objective and imaged onto the camera. A 7 by 7 pixel 
window was used to convert the raw frames to speckle contrast images (Kazmi et al., 2013).   For 
all MESI imaging sessions, mice were anesthetized and affixed to a stereotaxic frame, as 
described above. Heart rate was matched within 10% between imaging sessions within animals 
by controlling the depth of anesthesia and therefore regulating cardiac output. Prior to 
photothrombosis, two baseline measurements spaced five days apart were collected in order to 
account for minor differences in cardiac output that likely affected CBF measurements. Post 
occlusion MESI imaging sessions occurred at 6 h, 48 h and 5 d post stroke. Data from 3 animals 
at the 6 h time point (n = 2 targeted young-adult, n = 1 targeted  middle-aged) and from 2 
animals at the 5 d time point (n = 1 traditional young-adult, n = 1 targeted middle-aged) had to 
be excluded due to inability to sufficiently match heart rate to baseline conditions. Data from 
these mice were included at all other time points.  
Raw images captured by the camera were converted to speckle contrast images as a ratio 
of the SD to M intensity of individual pixel values within a small region of the image (Kazmi et 
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al., 2013; Kazmi et al., 2015). The full speckle contrast image was then calculated using a 7 by 7 
pixel sliding window centered at every pixel of the raw image, and was computed, displayed, and 
saved in real-time using an efficient processing (Kazmi et al., 2015; Parthasarathy et al., 2010). 
After post-processing, speckle contrast images were averaged together and converted to inverse 
correlation time (1/τc, ICT) images (Fig. 3.2) to provide a more quantitative measure of CBF 
(Schrandt et al., 2015; Kazmi et al., 2013).  The ischemic core was defined at 48 h post stroke as 
the area of parenchyma with CBF values at or below 20% of baseline, a cutoff that was 
supported by comparisons between CBF reductions and histological damage, as explained 
below.  For core measurements, ICT image sequences at the 48 h time point were thresholded 
against baseline ICT image sequences, vessels extracted, and matched by heart rate. Ten to 
twelve individual CBF measurements were then gathered from raw MESI data using a custom 
made middle-agedTLAB script that extracted ICT from raw speckle contrast images. 
Measurements were binned according to distance from the ischemic core (<100 µm, 100-300 
µm, 300-500 µm and >500 µm) and then averaged. The closest distance (100 µm) was used as a 
border zone to account for any ambiguity between core and penumbral territory that could 
potentially influence penumbral measurements. The furthest distance (>500 µm) ranged between 
700 µm and 1 mm between animals depending on the size and location of the core in relation to 
the edge of the cranial window. Results are presented as a percent decrease from baseline CBF.  
3.3.5 Tissue Processing and Analysis of Lesion Volume 
All animals were overdosed with sodium pentobarbital (dose, route), and transcardially perfused 
with 0.1 M phosphate buffer (PB) saline and 4% paraformaldehyde. For CBF and vascular 
density measures, animals were euthanized at either 7 days (n = 4 targeted young-adult, n = 4 
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traditional young-adult) or 14 days (n = 5 targeted young-adult, n = 4 traditional young-adult, n = 
6 targeted middle-aged) after photothrombosis or sham procedures. For behavioral measures, all 
animals were euthanized 30 days after photothrombosis. Following fixative perfusion, brains 
were extracted and stored in 4% paraformaldehyde for no more than 48 h before being sliced into 
40 µm thick coronal sections using a Leica VT1000S vibratome. The areas of eight coronal 
sections per animal between approximately 1.34 mm anterior to 0.58 mm posterior to bregma 
spaced 240 µm. Sections were viewed at a final magnification of 17x. Cortical volume was 
estimated with Cavalieri’s method as the product of summed section areas and the distance 
between sections. Lesion volume was then calculated as the difference between cortical volumes 
of the contralesional and ipsilesional cortices (Tennant et al., 2011).  
3.3.6 Comparison of MESI-estimated core sizes and histological infarct volume  
MESI has been found to accurately quantify perfusion boundaries in ischemic and non-ischemic 
tissue regions following photothrombosis (Kazmi et al., 2015; Parthasarathy et al., 2010) and to 
provide reliable spatial perfusion indices that help to characterize vascular progression after 
ischemic stroke (Schrandt et al., 2015).  Because CBF is estimated from scattered light on the 
surface of the cortex,  MESI is most accurate at measuring CBF in superficial cortex. We 
therefore sought to determine the extent to which tissue loss as measured in histological coronal 
sections corresponded to in vivo estimates of core sizes, as measured by the area in which CBF 
deficits were ≤ 20% of baseline values at 48 h after photothrombosis. Tissue loss was mapped in 
2D space based on reconstructions of lesion extents on templates of coronal sections spaced 240 
µm apart. Per coronal section, lesion depth was measured as a percent of cortical depth at medial 
to lateral increments of 25 µm. ICT images were overlaid relative to bregma coordinates onto 
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images of the cortical surface taken at the time of cranial window implantation, and mean CBF 
was recorded in 25 × 25 µm bins. The M percent infarct depth of cortical regions in which CBF 
was between 0-20, 21-40, 41-60 and 61-100% of baseline CBF was then calculated. The targeted 
middle-aged group was excluded from comparisons between MESI-estimated core sizes and 
histological infarct extent because bregma could not be sufficiently resolved from images taken 
at the time of window implantation in this group due to technical issues with the surgical 
microscope camera. 
3.3.7 Vascular labeling with isolectin B4 
To visualize vasculature, one set of free-floating sections was labeled with IB4 (Griffonia 
simplicifolia, 1:50, Sigma-Aldrich cat no. L2140), using a protocol adapted from Walchli et al 
(Walchi et al., 2015).  Briefly, sections were immersed in 50 mM NH4Cl in 0.1 M phosphate-
buffered saline (PBS) for 30 minutes. After several washes with PBS, sections were incubated in 
50 mM glycine in 0.1 M Tris (pH 8.0) for 5 minutes at 80° C, washed in.1M PBS and then 
incubated in CaCl2-containing buffer (0.1 mM CaCl2, 0.1 mM MgCl2 and 0.1 mM MnCl2 diluted 
in 0.1 M PBS (pH 6.8), for 15 minutes at 65° C. Sections were then permeabilized in 0.1 M Tris-
buffered saline and Triton X-100 (0.3% vol/vol) for 10 minutes, and incubated for 72 h with 
gentle shaking on an inclined table at 4° C in biotinylated IB4 diluted in CaCl2-containing buffer 
and blocking solution (0.05% vol/vol Triton X-100 and 2% vol/vol normal goat serum in CaCl2-
containing buffer). Following lectin incubation and several PBS washes, sections were incubated 
overnight at 4° C in Cy3-conjugated strepdavidin (1:200, Jackson Laboratories, cat. no. 016-500-
084) diluted in blocking solution. Sections were then thoroughly washed in PBS and mounted 
onto glass slides.  
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3.3.8 Analysis of Vascular Density  
Images of IB4-labeled tissue sections were visualized using a standard light microscope with a 
reflected fluorescence system (Olympus America Inc; Melville, NY) and TRITC filter. Per each 
of 3 coronal sections per animal containing a visible lesion, eight 400 µm by 400 µm images of 
peri-infarct cortex were collected. Per section, one set of four images was obtained from deeper 
and superficial cortex within 100 µm of the medial and lateral edges of cortical infarcts, and an 
additional set of four was taken immediately adjacent to the first (Fig. 3.4).  In a subset of the 
targeted young-adult group (n=3) with more laterally extending lesions, only the more proximal-
to-lesion samples sites were imaged in lateral cortex to constrain the measures to anatomically 
defined sensorimotor cortex (Tennant et al., 2011). Samples in the contralesional cortex and in 
sham animals were taken homotopic to those collected in the ipsilesional cortex. Vascular 
density measurements were made at a final magnification of 756X in ImageJ using a custom 
macro that calculated the area fraction of IB4-labeled vessels in thresholded and binarized 
images. Vessel densities are reported as a percentage of the contralateral hemisphere. Vascular 
densities in the contralesional cortex were similar across, and therefore pooled across, sample 
positions (Suppl. Table 2). 
3.3.9 Skilled Forelimb Training and Assessment  
The impact of artery-targeted photothrombosis in MC on forelimb function was 
examined by testing a separate cohort of young-adult mice on performance of a skilled reaching 
task (Fig. 5). The reaching task used was a variation of the single seed retrieval task (Kleim et 
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al., 2007) in which mice were trained to reach for and obtain a millet seed placed on a platform 
outside of custom-made clear Plexiglas training chamber (20 cm tall, 15 cm deep, and 8.5 cm 
wide, measured from outside; 0.5 cm thick Plexiglas). There were 4 mm wide vertical openings 
on the left and right sides of the chamber for mice to reach through with either the left or right 
paw, respectively. The platform (8.5 cm long, 4 cm wide, and 1.2 cm tall) contained 3 wells at 
varying distances from each opening for positioning seeds. Relative to the opening edge closest 
to the center of the chamber, two of the wells were positioned at distances of 3 mm (position 1) 
and 7 mm (position 2) away from the opening and 2 mm further from the center of the chamber. 
A third well (position 3) was 5 mm away and 6 mm further from the center. During shaping, the 
preferred limb for reaching was determined by allowing mice to reach for millet seeds with 
either limb by placing seeds just outside of both openings. The preferred-for-reaching forelimb 
was defined as the first limb used to make five consecutive reach attempts. For the remainder of 
the shaping phase (~ 2-3 days), mice were encouraged to reach for a single seed placed in the 
most proximal well (position 1) outside of the chamber opening corresponding to their preferred-
for-reaching forelimb. Shaping was considered to have ceased and training started once mice 
were able to successfully retrieve the pellet 10 times from position 1. Mice then received 11 
training sessions of 30 trials each, administered once per day. Seeds were placed in one of the 
three positions per trial, with each position recurring ten times per training session in randomized 
order. Per trial, mice were allowed four reach attempts. A reach attempt was counted as a success 
grasped the seed and brought it inside of the chamber to its mouth. Unsuccessful reach attempts 
included those in which the seed was missed, displaced or dropped before eating. Mean 
asymptotic performance (average of last two training days) prior to infarct induction for each of 
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the three positions was 0.44 ± 0.02 (position 1), 0.3 ± 0.02 (position 2), and 0.2 ± 0.01 (position 
3) respectively. Performance on position 3 was much lower compared to the other two positions, 
and therefore these trials were omitted from analyses.  Data was analyzed as the percent of 
successful reaches per reach attempt for positions 1 and 2. Reaching performance was tested on 
days 3, 5, 10 and 20 following infarct induction or sham procedures.  
3.3.10 Statistical Analyses 
All statistical analyses were performed using the SPSS software package. Spatial differences in 
CBF responses to targeted and traditional photothrombosis were assessed in young adults at each 
post-infarct imaging time point using 2-way ANOVAs with distance from core as a within-
subjects variable and group (photothrombosis method) as a between subjects variable. The effect 
of age (targeted young-adult vs. targeted middle-aged) by distance-from-core on CBF was 
assessed with separate ANOVAs per imaging time point. Each young adult group was 
additionally compared to the sham group in secondary analyses. When warranted by significant 
group-by-day interactions, post-hoc Bonferroni-Holm corrected t-tests compared groups at each 
distance. The same group differences as above were assessed in vascular density between 100-
500µm and 500-900µm distances using independent samples t-tests. Differences between 
targeted and traditional young-adult groups in the relationship between MESI estimates of CBF 
and structural tissue damage were assessed using ANOVA with CBF as a within-subjects factor. 
Group differences (stroke vs. sham) in post-infarct reaching performance were examined using 
repeated measures ANOVAs with group as between-subjects factor, and time as a within-
subjects factor. Data from males and females were combined for the primary analyses because 
there were no notable differences in the patterns of experimental results between them. 
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Supplemental materials show results disaggregated by sex. Data are reported as M ± SE.  
3. 4 Results   
3.4.1 Artery-targeted photothrombosis produces a larger penumbra 
Previous in vivo studies assessing CBF after cortical photothrombotic infarcts found a 
circumscribed area of reduced CBF around the ischemic core, outside of which CBF was 
relatively normal (Brown et al., 2007). We measured CBF at 6, 48, and 120 h following either 
targeted or traditional photothrombosis at varying distances relative to the ischemic core, defined 
as the region with < 20% of baseline CBF. We found a main effect of distance at each imaging 
time point (6 h: F[3, 30] = 44.80, p < 0.001; 48 h: F[3,36] = 68.55, p < 0.001; and 120 h: F[3, 33] 
=17.21, p < 0.0001), confirming that CBF deficits were more severe closer to the core area of 
ischemia (Fig. 2B, Suppl. Table 1). At 6 h, there was no significant main effect of Group 
(traditional vs. targeted young-adult) or Group by Distance interaction in CBF. However, at 48 h, 
ANOVA revealed a significant Group by Distance interaction (F[3, 36] = 13.33, p < 0.0001) 
supporting that group differences in CBF depended on distance from the ischemic core. CBF was 
significantly higher in the traditional compared to targeted group at distances >500 µm from the 
ischemic core (t[11] = 2.2, p < 0.0001, Fig. 3.2B). At 120 h, there was a significant main effect of 
Group (F[1, 11] = 11.25, p < 0.0001, Fig. 3.2C), reflecting greater CBF in the traditional compared 
to targeted group, an effect which did not vary significantly with distance from the ischemic core 
at this time point (Group by Distance interaction: F[3, 33] = 2.88, p = 0.051). Notably, in the 
traditional but not targeted group, CBF returned to baseline at 48 h and surpassed baseline at 120 
h at distances ≥300 µm. Thus, artery-targeted photothrombosis instigated more sustained deficits 
in cerebral perfusion at further distances. These results are consistent with prior findings of a 
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sharp border between ischemic and non-ischemic territory following traditional photothrombosis 
(Brown et al., 2007, 2009)  and provide evidence for a more graded penumbra following artery-
targeted photothrombosis. 
 The more sustained decrease in cortical CBF in the targeted group was despite 
significantly higher arterial CBF compared to the traditional group (main effect of Group: F[1, 7] = 
25.59, p < 0.0001) an effect that varied significantly across time points (Group by Time:  F[2, 14] 
= 8.98, p = 0.003), Post-hoc t-tests indicated that arterial CBF was significantly greater in the 
targeted compared with traditional group at 120 h, but not earlier (Fig. 3.2C). This suggests that 

















Figure 3.2 Artery-targeted photothrombosis increased the area of reduced CBF in 
surrounding cortical tissue (A) Representative ICT images acquired using MESI. Areas of 
higher CBF are represented in red, and areas of lower CBF are represented in blue. Scale bar = 
500 µm. (B) Post-ischemic CBF deficits at each imaging time point represented as a % of 
baseline ICT values at different distances: <100µm, 100-300 µm, 300-500 µm, and >500 µm. At 
distances of > 500µm CBF was significantly increased in the traditional young adult (young-
adult) group compared to targeted young-adult group at 48 h. (C) Parenchymal CBF pooled 
across distances at120 h post infarct was significantly greater in the traditional young-adult 
group compared to the targeted young-adult group . (D) CBF in occluded arteries was 
significantly higher at120 h in the targeted young-adult compared to traditional group. Post-
stroke CBF patterns in the targeted middle-aged group (middle-aged) were not significantly 







3.4.2 Histological damage paralleled regions of severe CBF deficits  
Despite differences in post-ischemic CBF patterns, lesion volumes as estimated by 
intercortical volume differences were comparable between targeted young-adult and traditional 
young-adult groups (Fig. 3.3A; Suppl. Table 3.3).  To determine whether the MESI estimated 
region of the ischemic core at the 48 h time point was a good indicator of the infarcted region, as 
assessed by the depth of structural tissue damage in Nissl stained tissue sections at 1 to 2 weeks 
after photothromobosis (Fig. 3.3B). Across groups, structural damage in histological tissue 
sections was only observed in areas where CBF was less than or equal to 40% of baseline CBF. 
Furthermore, areas where CBF dropped below 20% at 48 h exhibited the most severe tissue 
damage, supporting MESI estimates of ≤ 20% baseline CBF at 48 h as a reliable estimate of core 
size in vivo. The relationship between CBF deficits and cortical lesion depth did not differ 
significantly between stroke conditions (Group by CBF reduction effect on lesion depth: F[1,9] =  
0.51, p = 0.49). 
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Figure 3.3 Lesion depth in histological tissue sections corresponded to cortical areas with 
the greatest CBF reductions following artery-targeted and traditional photothrombosis.     
(A) Representative lesion reconstructions of each infarct group overplayed on coronal templates. 
Numbers to the right are anterior to posterior coordinates (mm) relative to bregma. (B) 
Interhemispheric volume difference, the difference between intact and damaged hemisphere 
volumes, was used to estimate infarct size. Lesion sizes were similar between young-adult infarct 
groups, but the targeted middle-aged group had significantly larger lesion volumes compared to 
the targeted young-adult group.  (C) Relationship between CBF deficits assessed with MESI at 
48 h and structural tissue damage (cortical lesion depth). In both targeted and traditional young-
adult groups, the greatest degree of tissue damage corresponded to areas where CBF fell to or 
below 20% of baseline CBF at 48 h. Areas where CBF was at or above 40% of baseline CBF 
showed little to no structural tissue damage in histological sections.  
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3.4.3 Vascular density was increased proximal to the ischemic core after traditional compared to 
targeted photothrombosis 
Previous in vivo imaging studies of filled vessels have not found evidence for neovascularization 
in cortex near photothrombotic infarcts (Brown et al., 2007; Schrandt et al., 2015; Tennant et al., 
2013), but some studies have found histological evidence for increased vascular density in other 
models of focal ischemia (Arenillas et al., 2007; Hayward et al., 2011; Martin et al., 2012; Lin et 
al., 2002; Lake et al., 2017; Ohab et al., 2006; Tagushi et al., 2009) and after human stroke 
(Sobrino et al., 2007; Bogoslovsky et al., 2010; Krupinski et al., 1994; Szpak et al., 1999; 
Cramer et al., 2011).  In the present study, we probed for neovascularization in peri-infarct 
cortex using histological measures of vascular density. The density of IB4-labeled blood vessels 
did not vary notably between 7 and 14-day time points in either the targeted or traditional groups 
(M ± SE % area fraction combined for 100-500 and 500-900 µm; targeted young-adult at 7 d: 
10.0 ± 0.5, at 14d: 11.0 ± 0.5; traditional young-adult at 7 d: 10.6 ± 1.2, 14d: 11.3 ± 1.4), and 
therefore the data were combined across these time points. As shown in Fig. 3.4, vascular density 
in samples between 100-500 µm from the infarct border was significantly greater after both types 
of photothrombosis compared to sham animals (targeted young-adult t[10] = 2.23, p = 0.01; 
traditional young-adult:  t[10] = 2.23, p = 0.003). Between 500-900 µm from the infarct border, 
vascular density was significantly greater in the targeted young-adult group, but not traditional 
young-adult group, compared to sham (targeted young-adult: t[11] = 2.23, p = 0.002; traditional 
young-adult  t[10] = 2.23, p = 0.12),  but mean vascular densities in the photothrombotic groups 
were quite similar to, and not significantly different from, one another. Vascular density was not 
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significantly different between groups in the contralesional cortex,  Although there was a 
nonsignificant tendency for it to be greater in photothrombotic groups relative to sham operates  
( targeted young-adult vs sham: t[10] = 2.20, p = 0.06; traditional young-adult vs sham:  t[10] = 2.20, 
p = 0.12)  In both photothrombotic groups, peri-infarct vascular density was significantly greater 
than that of contralesional cortex (targeted young-adult: 100-500 µm  t[7] = 2.36, p = 0.0002;  500-
900 µm  t[7] = 2.36, p = 0.0007; traditional young-adult: 100-500 µm  t[7] = 2.36, p = 0.001; 500-
900 µm  t[7] = 2.36, p = 0.02)   These data suggest a similar magnitude of neovascularization in 





















Figure 3.4 Artery-targeted and traditional photothrombosis instigated neovascularization. 
(A) Photomicrograph of IB4 labeling in the ipsilesional cortex at low magnification. Green insets 
correspond to sample sites shown at higher magnification on the right. To the right is a high 
magnification image of IB4 labeling (top right) and corresponding binarized image used for area 
fraction measurements (bottom left). Scale bars = 500 µm (left) and 100 µm (right). (B) Vascular 
density represented as the % area of IB4-labeled blood vessels. Area fractions of vessels in the 
ipsilesional cortex were higher in both targeted young-adult and traditional young-adult groups 
compared to shams between 100-500 µm, but only in targeted young-adult animals between 500-
900 µm. Area fractions in the contralateral cortex were also significantly reduced in targeted 
middle-aged animals compared to targeted young-adult animals. young-adult versus sham 
young-adult: *p < 0.02; Targeted middle-aged versus young-adult: †p < 0.02. 
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3.4.4 Lesion volume, but neither CBF deficits nor peri-infarct vascular densities, significantly 
varied with age after artery-targeted photothrombosis 
The potential for age-dependencies in lesion volumes, post-occlusion CBF, and vascular 
structural patterns was assessed in a separate cohort of middle-aged mice that underwent artery-
targeted photothrombosis. Lesion volumes were significantly larger in targeted middle-aged 
compared to young-adult animals (t[12] = 2.17, p = 0.014 Fig. 3.3A) consistent with previous 
findings of increased infarct size with aging (Canese et al., 1998; Canese et al., 2004; Popa-
Waggoner et al., 2007). Despite differences in histological lesion volume, post-ischemic CBF 
patterns were not significantly different between young-adult and middle-aged groups. ANOVAs 
revealed no significant effect of age group at any time point (6h: F[1, 10] = 0.27, p = 0.60; 48h: F[1, 
13] = 3.0, p = 0.10; 120h: F[1, 12] = 1.18, p = 0.30), nor a significant Group by Distance interaction 
(6h: F[3, 30] = 0.83, p = 0.44; 48h: F[3,39] = 2.04, p = 0.15; 120h: F[3,36] = 1.16, p = 0.45). A tendency 
for CBF to be higher in middle-aged animals beyond 500µm from the ischemic core at the 120-
hour time point was not significant (Fig. 3.2B). Thus, at least by middle age, there was not a 
significant effect of age on cortical CBF responses to artery-targeted photothrombosis. 
Similarly, we found no effect of age on vascular density in peri-infarct cortex. The 
density of IB4+ vessels in peri-infarct cortex was not significantly different between young-adult 
and middle-aged groups at either distance (100-500 µm, t[12] = 2.18, p = 0.14; 500-900 µm, t[12] = 
2.18, p = 0.29). However, area fractions of IB4+ vessels in the contralateral cortex were 
significantly smaller in the middle-aged compared to young-adult group (t[12] = 2.17, p = 0.02; 
Fig. 4B) potentially reflecting age-related declines in vascular density. As with young adults, in 
the peri-infarct cortex of the middle-aged group, vascular density was significantly greater than 
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that of contralesional cortex at both distances (100-500 µm t[5] = 2.57, p = 0.0001; 500-900 µm t[5] 
= 2.57, p = 0.001) from the infarct border. Together these results are suggestive of vascular 
response to targeted photothrombosis in middle age that was generally similar in magnitude to 
that of young adults, at least proximal to the infarcts. Across age groups there was no significant 
correlation between lesion size and vascular density (100-500 µm: r = 0.12, p = 0.67; 500-900 
µm: r = -0.10, p = 0.97), indicating that variation in lesion volumes was not strongly linked with 
variation in vascular structural responses.  
3.4.5 Artery-targeted photothrombotic infarcts in motor cortex impaired forelimb function. 
We examined the impact of artery-targeted photothrombosis to MC on skilled reaching, and 
found that targeted photothrombotic infarcts significantly impaired performance on a skilled 
reaching task compared to sham operates (Fig. 3.5C and Supplementary Fig. 3.6).  Repeated 
measures ANOVA of post-operative reaching performance revealed a significant main effect of 
Group (Infarct vs. Sham, F[1,23] =145.50, p < 0.0001), but no Group by Day interaction (F[3,69] = 
2.77, p = 0.06).  However, by day 20 performance levels were similar between the infarct and 
sham group.  These data support that targeted-artery photothrombosis is suitable for creating 
focal and reproducible lesions to motor cortex that can be used to model upper extremity 
impairments.  
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Figure 3.5 Artery-targeted photothrombosis to mouse motor cortex creates deficits in 
skilled forelimb reaching. (A) Experimental timeline for behavioral studies. (B) A mouse 
performing the single seed retrieval (SSR) task. (C) Pre and post-operative reaching performance 
measured by the number of fully retrieved seeds per reach attempt. Artery-targeted 
photothrombosis impaired performance on post stroke days 3, 5, and 10 (**p < 0.001, * p < 
0.02) compared to shams. (D) Representative lesions reconstructions the infarct group overlayed 
on coronal templates. Numbers to the right represent anterior to posterior coordinates in mm 




Supplementary Figure 3.6 Pre-operative and post-operative reaching performance 
separated by sex. (A) Pre-operative and post-operative reaching performance, measured as the 
% successes out of total reach attempts, compared in females and males in the infarct group. 
Females on average achieved greater performance levels pre-operatively. (B) Difference between 
baseline preoperative reaching performance (D10-11) and post-operative reaching performance 
on days 3 and 20 in females and males. Females tended to have a greater magnitude drop in 
performance on both days, but this was attributable to greater pre-operative performance levels 











3.5 Discussion              
The photothrombotic method is ideal for studying mechanisms of recovery following ischemia. 
However, it creates a relatively thin penumbra, making it challenging to understand how events 
within it impact cellular mechanisms of recovery (Sommer et al., 2017).  In the present study, we 
demonstrated that confining laser illumination cortical surface arteries, increased the size of the 
penumbra, evident by the presence of graded CBF deficits encompassing a broader cortical area. 
At 48 h, the artery-targeted group had greater CBF deficits beyond 300 µm from the ischemic 
core that persisted until 120 h despite an increased likelihood of spontaneous reperfusion in the 
occluded artery, support that artery-targeted photothrombosis created a penumbra that more 
closely approximates human ischemic stroke.  That there existed at least some degree of 
spontaneous reperfusion in occluded arteries after artery-targeted, but not traditional 
photothrombosis indicated that the artery-targeted approach can serve as an ischemia-reperfusion 
model, useful for studies examining how reperfusion impacts post-ischemic remodeling events 
and functional outcomes, a major focus of current therapeutic strategies (Sommer et al., 2017). 
Several other variations of photothrombosis, including the photothrombotic ring-model 
(Gu et al., 1999) and single-point occlusion model (Nishimura et al., 2007; Siegler et al., 2008; 
Schaeffer et al., 2006) have been demonstrated to produce a larger vascular penumbra. In the 
photothrombotic-ring-model, the penumbral zone is contained within the ring-shaped core, and 
therefore, progressive vasogenic edema emanating from the ischemic ring results in inevitable 
deterioration of the penumbral region, limiting the examination of tissue recovery over longer 
periods.  
In the single-point occlusion model, illumination through a two-photon microscope 
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generates spatially restricted photoactivation of vessels confined to a diameter smaller than the 
targeted artery (~20um), resulting in relatively small ischemic lesions, and making it challenging 
to apply to more than one vessel at a time. Here, we demonstrated that artery-targeted 
photothrombosis can be used to occlude multiple branches of the MCA, as well as limit collateral 
CBF by simultaneously occluding branches of the anterior cerebral artery (ACA), thus giving the 
experimenter better control over reperfusion. 
Photothrombosis has also been adapted for distal MCA occlusion (MCAo). Following 
injection of Rose Bengal, the distal MCA is illuminated with a 532 nm laser through a 
craniotomy or intact skull (Sugimori et al.,2004; Qian et al., 2016) resulting in more reproducible 
infarcts in the extent of tissue damage compared to other MCAo models, while maintaining a 
vascular penumbra. Illumination with an infrared laser can be used to stimulate recanalization, 
such that this model can also serve as an ischemia-reperfusion model. However, infrared laser 
illumination triggers immediate restoration of CBF to baseline levels, whereas in clinical strokes 
spontaneous reperfusion can unfold very gradually and is often incomplete (Sommer et al., 2017; 
Khatri et al., 2014).  Our finding that reperfusion of targeted arteries was quite delayed (120 h) 
supports that reperfusion in the present model unfolds slowly, making it well suited for studies of 
cellular responses to reperfusion.  
Given the prominent effects of isoflurane on vasodilation (Hildebrandt et al., 2008)  and 
evidence for its neuroprotective effects following ischemia (Kawaguchi et al., 2007; Wells et al., 
1963) the use of isoflurane anesthesia in the present study during CBF measures and ischemia 
induction can be assumed to have impacted infarct evolution as well as the observed perfusion 
deficits across infarct conditions. In order to better characterize the impact of isoflurane 
 76 
anesthesia and post-ischemic measures of CBF, future studies should be performed under 
differently acting anesthetics and/or in awake animals 
In other focal rodent models, increased vascular density has been linked to the infiltration 
of macrophages to clear necrotic tissue around the lesion site (Manoonkitiwonsa et al., 2001; 
Wei et al., 2001) and to improved functional outcomes at longer time periods in other focal 
rodent models (Hayward et al., 2011; Martin et al., 2012; Lin et al., 2002; Lake et al., 2017; 
Ohab et al., 2006; Taguchi et al., 2009).  In the present study, we found that both 
photothrombotic models, which indicated that both models instigate similar patterns of vascular 
structural remodeling despite differences in the development of the penumbra. 
The role of neovascularization in cellular mechanisms of recovery over longer periods is 
unclear. New born neuroblasts in peri-infarct cortex have been shown to be associated with 
endothelial cells in new, unperfused vessels within weeks after focal ischemia (Taguchi et al., 
2004; Thored et al., 2007) highlighting a role for neovascularization in cellular plasticity.  That 
vascular density was increased in both models is consistent with the possibility that 
neovascularization during this time period could represent a remodeling phase of the vascular 
network that supports cellular repair.  
Photothrombotic infarcts have been a popular choice for the purpose of modeling upper-
extremity impairments (Cramer et al., 2011; Jones et al., 2011; Nudo et al., 2007).  In the present 
study we demonstrated that artery-targeted photothrombosis maintained the ability to create focal 
infarcts to the forelimb containing region of MC, creating deficits in upper-limb function. 
However, these deficits were no longer evident at the last endpoint, a transience that is likely 
attributable to the fact that the infarcts were relatively small. Preliminary results from a 
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subsequent study indicate more persistent impairments in a skilled reaching task in mice after 
larger infarcts (Clark et al., SFN 2017). 
Age is a prominent factor in stroke recovery (Herson & Traystman et al., 2014) and 
therefore an important consideration in experimental studies aimed at improving stroke 
outcomes. In rodents, aging is associated with increased lesion volumes (Canese et al., 1998; 
Canese et al., 2004) and worse functional outcomes (Anderson et al., 1999; Brown et al., 2003; 
Popa-Waggoner et al., 2017) but evidence for how aging impacts vascular responses to stroke 
was lacking. In the present study we found that targeted-artery photothrombosis instigated 
similar CBF and vascular structural responses in middle-aged animals compared with young-
adults. We also found that the middle-aged group had significantly reduced vessel density in 
contralateral cortex compared to young-adult, but because a middle-aged sham group was not 
included, we cannot determine whether these results might reflect an age-associated decrease in 
vascular density, an age-dependency in remote vascular structural responses to ischemia, or a 
combination of the two.  middle-aged animals did have significantly larger lesion volumes, but 
this was not related to the extent of neovascularization, indicating that larger lesion volumes in 
the middle-aged group did not impact group differences in vascular structural changes following 
infarcts. Together, these results suggest that, while middle-age is potentially associated with 
some decline in vascular density, the neovascularization response to ischemia remains robust. 
In the present study we have shown that confining laser illumination to individual arteries 
on the cortical surface with a digital micromirror device expanded the ischemic penumbra, 
making it well-suited for studies examining the impact of remodeling events within the 
penumbra on mechanisms of recovery from ischemia. In addition, artery-targeted 
 78 
photothrombosis maintained the strengths of the traditional model, in that it created focal and 
reproducible infarcts to motor cortex that impaired forelimb motor function, making it suitable 






         48h                                < 500 µm                                       > 500 µm 
       Group     Female (n)       Male   (n)   Female  (n)       Male    (n) 
Sham                       100.± 7.1 (2)  101 ± 0.8 (2) 97.4 ± 0.5 (2)   1 05 ± 0.4 (2) 
Traditional 
young-adult     49.0 ± 13.6 (3) 44.0 ± 8.0 (3) 85.7 ± 7.9 (3)   79.3 ± 3.5 (3) 
Targeted 
young-adult         44.4 ± 4.8 (4) 45.4 ± 9.8 (4) 52.6 ± 6.6 (4)   61.8 ± 12.2 (4) 
Targeted 
middle-aged       49.6 ± 8.4 (3) 44.5 ± 6.1 (2) 78.6 ± 13.3 (3)    9 0.1 ± 6.9 (2) 
       
          120h                             < 500 µm                                       > 500 µm 
       Group                Female   (n)           Male  (n)        Female  (n)            Male  (n)     Female Male 
Sham 92.9 ± 4.0 (2)  101 ± 1.1 (2) 96.8 ± 5.3 (2)   102 ± 1.7 (2) 
Traditional 
young-adult 88.9 ± 14.5 (3) 81.1 ± 2.3 (2) 85.7 ± 7.9 (3) 89.3 ± 2.8 (2) 
Targeted 
young-adult 61.4 ± 14.4 (4) 72.8 ± 15.6 (4) 52.6 ± 6.6 (4) 61.8 ± 13.2 (4) 
Targeted 
middle-aged 77.6 ± 13.9 (3) 64.7 ± 12.6 (2) 78.6 ± 13.3 (3)   64.7 ± 12.5 (2) 
Table 3.1 CBF disaggregated by sex at each imaging time point 
	
Parenchymal CBF 
													6h                               < 500 µm                                        > 500 µm 
          Group Female (n)     Male   (n)   Female (n)       Male  (n) 
 Sham 96.2 ± 1.4 (2) 96.3 ± 6.4 (2) 96.2 ± 1.9 (2)  1 00 ± 5.4 (2) 
 Traditional 
young-adult  31.3 ± 0.7 (3) 29.0 ± 5.5 (3) 32.0 ± 8.8 (3)  49.4 ± 5.9 (3) 
 Targeted 
young-adult  19.9 ± 9.1 (2) 26.3 ± 4.4 (2) 99.0 ± 1.4 (2)  39.0 ± 8.8 (2) 
 Targeted 
middle-aged 23.8 ± 5.0 (3) 21.7 ± 6.9 (2) 32.1 ± 13.3 (3)     42.1 ± 4.5 (2) 
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Table 3.1 Cont.  
 
Arterial CBF               6h        48h            120h         k 
        Group   Female    Male   Female    Male           Female         Male  
Sham 95.3 ± .1 101 ± .4 96.3 ± 3.1 97.8 ± 3.3    96.7 ± 1.6     97.8 ± 3.7  
Traditional 
young-adult 18.8 ± 5.5 15.4 ± 2.3 27.7 ± 13.2 26.6 ± 3.5    59.3 ± 7.3     59.2 ± 30.8 
 
Targeted 
young-adult 15.2 ± 2.0 18.6 ± 1.6 40.2 ± 10.6 49.8 ± 19.2  91.7 ± 18.4   89.3 ± 6.4 
 
Targeted 
middle-aged 13.6 ± 6.4 22.2 ± 12 39.3 ± 18.0    41.3 ± 9.3    75.5 ± 37.9   94.7 ± 34.4 
 
Note. CBF, cerebral blood flow. Group n's for arterial CBF are the same as those of the 
parenchymal CBF at the same time point. Values are M ± SD 
 
 










Note.  Values are M ± SD contralesional-ipsilesional difference in  
cortical volume 
CBF and Vascular Study  
Group     Male (n) Female (n) 
Traditional young-adult   4.1 ± 0.4 (4) 2.5 ± 0.4 (4) 
Targeted young-adult   3.0 ± 0.7 (5) 4.1 ± 0.8 (4) 
Targeted middle-aged   5.1 ± 2.5 (2) 5.9 ± 0.8 (4) 
Behavioral Study   
Group      Male (n)      Female (n) 
Infarct     3.0 ± 1.8 (7)    2.8 ± 1.5 (6) 
Sham 0.6 ± 2.0 (6)   -0.1 ± 4.0 (4) 
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 Table 3.3 Area fractions of IB4-labeled blood vessels in ipsilesional and contralateral 
homotopic cortex disaggregated by sex 
       
                     Ipsi                                 Contra  
Group (n) 100-500µm 500-900µm  
Trad young-adult    
Female (4) 12.0 ± 2.0 9.8 ± 2.0 8.3 ± 1.2 
Male (4) 10.8 ± 2.6 10.9 ± 4.2 8.7 ± 1.8 
Target young-adult    
Female (4) 10.5 ± 1.4 10.4 ± 1.0 8.8 ± 0.4 
Male (4) 11.1 ± 2.4 10.7 ± 1.8 9.0 ± 2.2 
Target middle-aged    
Female (4) 9.4 ± 2.0 8.1 ± 4.8 5.9 ± 2.0 
Male (2) 10.9 ± 3.7 10.8 ± 1.8 7.9 ± 2.5 
Sham young-adult    
Female (2) 8.4 ± 1.5 8.1 ± 1.2 7.8 ± 0.1 
Male (2) 7.6 ± 0.1 6.8 ± 1.2 7.4 ± 0.3 
 
Trad, traditional photothrombotic, Target, targeted photothromobotic, young-
adult, young adult, middle-aged, middle aged. Values are M ± SD. Note that 





Chapter 4: Rehabilitative training promotes the persistence of new spines formed in 
response to ischemia. 
 
4.1 Abstract 
Previous in vivo examinations of spine dynamics following photothrombotic infarcts have found 
that dendritic spine turnover in peri-infarct cortex remains elevated for up to 6 weeks in animals 
undergoing spontaneous recovery. We investigated the impact of behavioral experience, in the 
form of rehabilitative training, on both spine turnover and spine maintenance in peri-infarct 
cortex following artery-targeted photothrombosis. We found that spine turnover was increased 
for up to 5 weeks following post-insult in animals receiving rehabilitative training, and in 
animals undergoing spontaneous recovery relative to sham. The pattern of spine formation was 
similar between infarct groups, and new spines formed 1week after the infarct were more likely 
to remain by week 4, regardless of training condition, relative to sham.   
Spine elimination returned to baseline levels by 4 weeks in animals receiving 
rehabilitative training, whereas it remained elevated in animals undergoing spontaneous 
recovery. This was linked with an increase in the persistence of new spines, formed during 
weeks 2 and 3, at week 4 in animals receiving rehabilitative training compared to animals 
spontaneously recovering.  Furthermore, the percent of spines formed during weeks 2 and 3 that 
remained at week 4 was positively correlated with improvements in skilled reaching 
performance, indicating that preferential stabilization of this subset of newly formed spines may 




4.2 Introduction  
Stroke is the leading cause of long-term disability in adults leaving nearly 80% of infarct 
survivors with long-term functional impairments, commonly affecting the upper-extremities, and 
limited recovery without treatment (Cramer & Riley 2008; Cramer & Dobkin 2011). 
Rehabilitative training (RT) approaches are the most common treatment for motor impairments 
after infarct, but these therapies are far from sufficient to normalize function. A better 
understanding of the neural mechanisms underlying infarct recovery and effective RT strategies 
is necessary for optimizing efforts to improve it.  
Focal ischemia to cortex instigates a unique environment in the adjacent and surviving 
regions (peri-infacrt cortex) for heightened plasticity after stroke that is associated with improved 
functional outcomes (Cramer and Chopp, 2000; Carmichael, 2006). Many of these plastic events 
are activity dependent, and can be influenced by post-ischemic behavioral experience (Yu & 
Zuo, 2011). There are likely to be windows of opportunity for driving functionally useful brain 
remodeling, but this requires knowledge of the time course of neural remodeling events and their 
coordination with functional improvements. Therefore, monitoring changes in synaptic plasticity 
in vivo provides a unique opportunity to examine the coordination between structural remodeling 
events and functional outcomes. The main goal of the present study was to examine the impact 
of behavioral experience in the form of rehabilitative training (RT) on dendritic spine dynamics 
in peri-infarct motor cortex, and how this coincides with functional improvements forelimb use 
in mice trained on a skilled reaching task.  
Furthermore, we sought to determine whether artery-targeted photothrombosis, which 
increases the size of the ischemic penumbra (Ch. 3), could also instigate more widespread 
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changes in spine dynamics following ischemia.   Previous in vivo studies have shown that 
cortical ischemia induced by photothrombosis results in a loss of dendrites, spines and 
vasculature in remaining cortex (Brown et al., 2007, 2009) as well as time-dependent increases 
in dendritic branching and spine turnover that persist for weeks (Brown et al., 2007, 2009).  
However, these changes are restricted to the first 300 µm of cortex despite evidence of increased 
spine dynamics in more distant regions from the ischemic core in other cortical ischemia models 
(Mostany et al., 2010). Here we analyzed spine dynamics between 300 µm and up to 1mm from 
the occluded artery to determine whether spine turnover was increased even at more distant 
locations from the infarct.  
A second goal was to determine the impact of rehabilitative training (RT), if any, on 
patterns of spine maintenance, and how this relates to functional recovery.  Previous studies have 
found that new spines formed weeks after the initial infarct are preferentially stabilized for up to 
several months in mice spontaneously recovering after McAO (Mostany et al., 2010).  Our lab 
and others (Xu et al., 2009; Yang & Gan, 2009) have found that motor skill training in intact 
mice is associated with preferential stabilization of spines formed early on during learning, the 
maintenance of which is correlated with performance gains. Several lines of evidence suggest 
that ischemia-induced structural remodeling mechanisms follow similar principles as experience-
dependent plasticity in the intact brain (Zieler & Krakauer 2013;  Bevelier et al., 2010) inciting 
the possibility that preferential spine stabilization after ischemic infarcts could represent a 
structural mechanism of functional recovery.  However, the impact of post-ischemic behavioral 
experience on spine maintenance, and its relationship to functional recovery has never been 
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tested. Here we monitored the maintenance of new spines formed at weeks 1,2 and 3 post-infarct 
and their relationship to improvements in skilled reaching in mice.  
 
A third goal of the present study was to determine the impact of RT on spine changes 
along the apical dendrites  of layer V pyramidal neurons in deeper layers. Previous studies have 
shown that in peri-infarct cortex, spine density along the superficial apical dendrites imaged in 
vivo is decreased early on after infarcts, but recovers  after weeks (Brown et al., 2007; Mostany 
et al., 2010) . Furthermore, spine density on this same population of dendrites in more distant 
regions from the infarct has been shown to surpass baseline levels several months after McAO 
(Mostany et al., 2010).  Improvements in skilled reaching in intact animals are associated with 
changes in dendritic branching and complexity (Kleim, et al. 1997; Greenough and Withers 
1985; Withers and Greenough 1989), and increases in spine density (Wang et al., 2012; Clark et 
al., 2014; Clark et al., 2018) on deeper dendrites of layer V pyramidal neurons in the trained MC. 
Therefore, spine changes on deeper dendrites in within peri-infarct cortex could represent a 
structural mechanism supporting functional improvements in skilled reaching after focal 
ischemia.  This possibility was tested by examining spine density on the apical dendrites of layer 
V pyramidal neurons within layer II/III of the ipsilesional hemisphere eight weeks post-infarct. 
A final goal of the present study was to examine the impact of RT on patterns of 
neovascularization after ischemia. The significance of neovascularization for chronic post-infarct 
outcomes, is unclear. In rodent models of focal ischemia (Arenillas et al., 2007; Hayward et al., 
2011; Martin et al., 2012; Lin et al., 2002; Lake et al., 2017; Ohab et al., 2006; Taguchi et al., 
2009) and after human infarct (Bogoslovsky et al., 2010; Krupinski et al., 1994; Sobrino et al., 
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2007) increased vascular density in peri-infarct cortex has been linked to improved outcomes, 
but considerable variability in the magnitude and persistence of neovascularization has been 
reported across studies. Furthermore, little is known about how behavioral experience impacts 
neovascularization. Sufficient activity, such as voluntary running, can promote angiogenesis in 
intact motor cortex (MC) of rodents and primates (Adkins et al., 2006; Rhyu et al., 2010; 
Wallace et al., 2011). Learning a skilled reaching task normally does not promote angiogenesis 
in MC (Adkins et al., 2006)   in intact mice, but whether neovascularization might be needed for 
functional improvements associated with RT remains unknown. Here, we used histological 
measures of lectin-labeled vessels to assess neovascularization patterns eight weeks after infarct 
and whether these patterns varied with RT. 
4.3 Materials and Methods 
4.3.1. Subjects  
Twenty-four male (n=12) and female (n=14) C57/BL6 Green Fluorescent Protein (GFP)-M line 
(B6/Cg-Tg (thy-1 GFPM) 2Jrs/J) and 3 male C57/BL6 Yellow Fluorescent Protein (YFP)-H line 
(B6/Cg-Tg (thy-1 YFPH) 2Jrs/J; Jackson laboratories) mice were used ref. Both mouse lines 
express fluorescent proteins in a subset of layer 5 cortical pyramidal neurons. All animals were 
bred at the Animal Resource Center at the University of Texas at Austin (ARC) and were 
between 4 and 5 months old at the time of cranial window implantation. Mice were placed into 
one of four groups that underwent: (1) artery-targeted photothrombosis (infarct no RT, n=5 
males, n=4 females), (2) artery-targeted photothrombosis and rehabilitative training, (infarct RT, 
n=2 males, n=3 females), (3) sham procedures and RT (n=3 males, n=2 females), or (4) sham 
procedures and no RT (n=2 males, n=3 females).  The timeline of experimental procedures is 
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summarized in Figure 4.1. Three animals (n=1 female infarct No RT, n=1 female sham RT, n=1 
male sham no RT) were included in behavioral analyses but not in spine dynamics analyses due 
to extremely dense of XFP labeling. 2 animals (1 female and 1 male infarct No RT) were 
included in spine dynamics analysis but not behavior because of failure to learn the task. 
Furthermore, behavioral data from 1 male (infarct No RT) was excluded due to failure to 
complete all 30 trials at several post-infarct testing probes, and 1 animal (female infarct No RT) 
had to be excluded from the study because lesion volume was much smaller that the group 
average, and 3 animals (1 male infarct no RT, 1 female sham no RT, and 1 female infarct RT) 
were excluded from the last imaging time point due to issues with window clarity.  
Each cage had standardized supplementation including wooden toys, bedding and polyvinyl 
chloride pipes which were replaced weekly. During behavioral procedures, mice were placed on 
scheduled feeding (2.5-3g food once per day) to avoid satiation during behavioral training. Body 
weights were not permitted to fall below 90% of free feeding weights over the experimental time 
course (M ± SE weight, 28.3 ± 5g males and 21.3 ± 2g females). All animal use was in 
accordance with a protocol approved by the Animal Care and Use Committee of the University 
of Texas at Austin. In order to monitor estrous in females, vaginal smears were collected during 
baseline imaging sessions, and then again at each post-infarct imaging session (which also 
corresponded to behavioral probes) and placed onto glass slides. Slides were then stained with 
cresyl violet, coverslipped and visualized using a standard light microscope at a final 
magnification of 756X.   
4.3.2 Cranial Window Creation  
Cranial window implantation was performed as previously described. Briefly, mice were 
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anesthetized with ketamine (4 mg/kg, i.p.) and xylazine (3 mg/kg, i.p.).  Dexamethasone (2 
mg/kg s.c.) and carprofen (2.5 mg/kg s.c.) were administered pre-operatively to help minimize 
cortical swelling and inflammation during the procedures. Anesthetic plane was monitored via 
respiratory rate and toe pinch response throughout surgery.  Booster injections of ketamine (4 
mg/kg) were given as needed to maintain anesthesia. Following midline incision of the scalp, a 4 
mm circular region of skull over frontoparietal cortex was thinned using a high-speed dental drill 
with a 0.5 mm diameter drill bit and removed, leaving dura intact. Saline was frequently applied 
to protect the brain from overheating. Skull was then replaced with a 4 mm diameter No. 1 
coverglass and sealed with cyanoacrylate and dental cement. All windows were made over the 
forelimb area of the motor cortex contralateral to the preferred-for-reaching forelimb.  Following 
surgery, animals were given buprenorphine (3 ml/kg, s.c.) for pain management and allowed to 
recover in their cage for 1 week, and were given daily injections of carprofen (2.5 mg/kg, i.p.) to 
help minimize inflammation that contributes to window clouding.   
4.3.3 Artery-targeted Photothrombosis 
Photothombotic infarcts were performed as previously described. Mice were anesthetized with 
isoflurane (4% induction, 1.5-2% maintenance) in O2 and affixed to a stereotaxic frame. Arterial 
oxygen saturation and heart rate from pulse oximetry were recorded and temperature was 
maintained at 37° C with a feedback temperature control system. A green diode laser was 
coupled to the DMD to provide focused patterned illumination (20 mW) over 1-3 arterial 
branches (M ± SE target area was 0.13 ± 0.018 mm2) on the pial surface supplying the forelimb 
region of MC. Between 1 and 2 distal branches of the anterior cerebral artery (ACA) were also 
illuminated to control the level of collateral flow at the time of occlusion.  Thirty seconds 
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following a retroorbital injection of Rose Bengal (50 µL, 15 mg/mL i.v., Sigma), target vessels 
were irradiated with the patterned laser. Sham animals were exposed to laser illumination after 
injections of sterile saline. In all animals, CBF was monitored in real time for up to 10 min 
following the occlusion using traditional laser speckle contrast imaging.  Photothombosis or 
sham procedures were performed one day following the second baseline imaging session and 
final training day.  
4.3.4 In Vivo Imaging of Dendrites 
Animals were anesthetized with 1.5% isoflurane in O2 and inserted into a custom made 
stereotaxic apparatus fitted with a headbar to minimize breathing artifact. Prior to baseline 
imaging, penetrating arterioles over the caudal forelimb area (CFA) of the motor cortex (Tennant 
& Jones, 2011) were identified for photothrombosis from images taken at the time of cranial 
window implantation.   Then, during the first baseline imaging session, five to six image stacks 
containing at least eight to ten dendrites with visible spines, were selected between 300 µm and 1 
mm from the to-be-targeted arteriole. This distance range was selected based on results from 
Chapter 3, which indicated that the penumbra extended ~ 1mm from the infarct core.  In several 
animals, image stacks within 300 µm from the ischemic core were gathered but were unable to 
be used in spine dynamics analysis due to inability to detect at least eight intact dendrites with 
distinguishable spines or gross changes in fluoresce stemming from dendritic damage. Images 
were acquired using a Prairie Ultima standard two-photon microscope with a Ti:Sapphire laser 
tuned to either 860nm (GFP) or 920 nm (YFP) at low laser power (~30 mW) to minimize 
phototoxicity. Laser power was adjusted through a Pockels cell in order to obtain near identical 
fluorescence at each imaging location and across imaging days. Image stacks were gathered 
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between 50 and 200 µm from the pial surface using a water immersion objective (20x, 1.0 NA, 
Olympus) and a digital zoom of 4X. Image stacks consisted of 150-200 optical sections spaced 
1µm apart covering an area of 240 µm x 240 µm (512 x 512 pixels, 0.13 µm/pixel). Animals 
were imaged twice prior to photothrombosis, with the first imaging session occurring after the 
seventh day of behavioral training, and the second imaging session following the final training 
session.  Animals were then imaged once a week for up to five weeks following ischemic insult 
(Fig. 4.1).  
 
Figure 4.1. Experimental Design. (A) Experimental time course. Block arrows correspond to 
imaging sessions and behavioral probes (B) Speckle contrast image of cortical surface 
vasculature taken just before artery-targeted photothrombosis. Green overlays represent targeted 
arterioles. Red box indicates a sample imaging region. Scale bar 1mm. (C). Low-magnification 
image of GFP-labeled dendrites in the sample imaging location. Scale bar 100µm. (D) High 
magnification image of the sampling region. Scale bar 10µm. 
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4.3.5 Spine Dynamics Analyses 
All analyses of dendritic spine turnover was performed blind to experimental condition. A total 
of 8-10 intact dendritic segments per image stack, each at least 20 µm in length, were analyzed 
(~100-200 spines per animal) using ImageJ software (Fig. 2). If more than half of an identified 
dendritic segment contained dendritic blebbing or beading from photothrombosis, it was 
excluded from analysis. Spines were considered to be the same between imaging sessions based 
on their relative position to adjacent dendrites and spines. Because of lower two-photon 
resolution in the axial plane, only dendritic spines projecting laterally were included in the 
analysis. For a spine to be considered new or lost, it had to clearly protrude out of the shaft by at 
least four pixels (0.55 m), and it could not be part of a dendritic segment that appeared to have 
significantly rotated or shifted, as judged by any gross changes in the appearance of neighboring 
spines or branches. Due to difficulty distinguishing dendritic filopodium, long-thin structures 
that turned into a shorter, more spine-like structures were omitted from analysis. Spine turnover 
was measured by comparing dendritic protrusions in the image being analyzed to those in the 
previous imaging session. A spine was counted as stable if it appeared in both the previous 
imaging session and the one being analyzed, as newly formed if it was only present in the image 
being analyzed, and as eliminated if it was visible in the previous imaging session but not the one 
being analyzed. The percentage of spine formation and elimination was calculated as the number 
of spines gained or lost divided by the total number of stable spines in the analyzed imaging 
session (Xu et al., 2009). Analyses were performed on raw unprocessed image stacks, but for 
presentation purposes, images are shown as median-filtered maximum intensity projections 
consisting of 5-10 optical sections with median and Gaussian filters applied. 
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 The maintenance of newly spines formed between weeks 1 and 3 post-infarct was tracked 
up until the final imaging session (week 5). Per animal, if < 3 spines were counted as being 
formed within a given imaging session, spine data was not used in analysis of spine maintenance. 
This issue mainly involved animals in the sham group because spine turnover was quite low. 
However, occasionally in animals in the infarct group, imaging regions were either lost to 
ischemia (week1) or contained several dendrites previously used for analysis that were no longer 
visible (weeks 2 and 3). Therefore, sample sizes were adjusted as follows: Between weeks 1 and 
5, 3 animals (n=1 sham, n=1 infarct no RT and n=1 infarct RT) were excluded from an 
insufficient spine sample, and there was attrition of 4 animals at week 5 (n=3 sham, n=1 infarct 
RT). Between weeks 2 and 5, data from 3 animals (n=2 sham, n=1 infarct No RT) was omitted, 
and there was attrition of 3 animals (n=2 sham, n=1 infarct RT).  For weeks 3-5, data from 3 
animals in the sham group was omitted, and there was attrition of 3 animals at week 5 (n=1 
sham, n=1 infarct no RT, n=1 infarct RT).  
4.3.6 Skilled Forelimb Training and Assessment  
Prior to photothrombosis or sham procedures, all mice were trained to criterion on a 
manual skilled reaching task. The reaching task used was the single seed retrieval task (Chen et 
al., 2014; Farr & Wishaw 2002) in which mice were trained to reach for and obtain a millet seed 
placed on a platform outside of a custom-made clear Plexiglas training chamber (20 cm tall, 15 
cm deep, and 8.5 cm wide, measured from outside; 0.5 cm thick Plexiglas). There were 4 mm 
wide vertical openings on the left and right sides of the chamber for mice to reach through with 
either the left or right paw, respectively. The platform (8.5 cm long, 4 cm wide, and 1.2 cm tall) 
contained 1 well at varying distances from each opening for positioning seeds. Relative to the 
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opening edge closest to the center of the chamber, the well was positioned 3 mm further from the 
center of the chamber opening and 2 mm ahead of the chamber opening. During shaping, the 
preferred limb for reaching was determined by allowing mice to reach for millet seeds with 
either limb placed just outside of both openings. The preferred-for-reaching forelimb was 
defined as the first limb used to make five consecutive reach attempts. For the remainder of the 
shaping phase (~ 2-3 days), mice were encouraged to reach for a single seed placed in the well 
outside of the chamber opening corresponding to their preferred-for-reaching forelimb. Training 
started once mice were able to successfully retrieve the pellet 10 times from the well. Mice then 
received 12-13 training sessions of 30 trials each, with two reach attempts per trial. Successful 
reach attempts were counted if the mouse obtained the seed and brought it inside of the chamber 
to its mouth. Unsuccessful reach attempts included those in which the seed was missed, 
displaced or dropped before eating. Data were analyzed as the percent of successful reaches per 
reach attempt, as well as the number of successes on the first reach attempt. Deficits in reaching 
performance were probed initially 3 days following photothrombotic infarcts and then once 
weekly for 5 weeks. RT consisted of the same procedures used for pre-operative training, and 
occurred five days a week for four weeks beginning five days after ischemia. In the infarct No 
RT group, one male was excluded from behavioral analyses due to failure to complete the 30 
trials during several post-infarct probe sessions, and data from 1 female in the infarct RT group 
was omitted at post-infarct week 5 for the same reason. 
4.3.7 Tissue Processing and Analysis of Lesion Volume 
All animals were overdosed with sodium pentobarbital and transcardially perfused with 0.1 M 
phosphate buffer (PB) saline and 4% paraformaldehyde eight weeks after infarcts. Following 
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fixative perfusion, brains were extracted and stored in 4% paraformaldehyde for no more than 48 
h before being sliced into 40 µm thick coronal sections using a Leica VT1000S vibratome.  
Lesion volume was determined by first measuring the area of viable cortical tissue in a 
set of seven nissl stained coronal sections per animal with Neurolucida software (MBF 
Bioscience, Williston, VT). Sections encompassed the lesion and were from approximately 1.5 
mm anterior to 0.7 mm posterior to bregma, spaced 240 µm apart. Sections were viewed at a 
final magnification of 17x. Cortical volume was estimated as the product of summed section 
areas and the distance between sections.  Lesion volume was then calculated as the difference 
between cortical volumes of the contralesional and ipsilesional cortices. 
4.3.8  Spine Density Analysis   
One set of tissue was mounted on glass slides for visualization of spine density on YFP+ 
pyramidal neurons using confocal microscopy. Image stacks were acquired using the confocal 
mode on the two-photon microscope. The dichroic mirror was replaced with a lens tuned to 
488nm (FITC) and image stacks containing apical dendritic branches within layer II/III (between 
200-400um from the surface) of motor cortex were gathered using a water immersion objective 
(20x, 1.0NA; Olympus). All spine density analyses were performed using Image J software. A 
total of 8-10 apical dendrites measuring at least 50 µm in length were sampled between 300µm 
and 1mm from the edge of the core in the ipsilesional hemisphere. In sham animals, samples 
homotopic to the lesion site within the trained (ipsilesional) MC were gathered. Data from 2 
animals (n=1 infarct RT, n=1 Infarct No RT) had to be omitted due to an inability to localize a 
sufficient sample of dendrites of this length.  For all dendritic analyses, spines along the length of 
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measured dendrite were manually counted, and density was calculated as total spines per length 
of dendrite.  
 
4.3.9 Vascular labeling with isolectin B4 
To visualize vasculature, one set of free-floating sections was labeled with IB4 (Griffonia 
simplicifolia, 1:50, Sigma-aldrich cat no. L2140), using a protocol adapted from Walchli and 
colleagues, and previously described in Chapter 3 (Walchli et al., 2015).  Briefly, sections were 
immersed in 50 mM NH4Cl in 0.1 M phosphate-buffered saline (PBS) for 30 minutes. After 
several washes with PBS, sections were incubated in 50 mM glycine in 0.1 M Tris (pH 8.0) for 5 
minutes at 80° C, washed in.1M PBS and then incubated in CaCl2-containing buffer (0.1 mM 
CaCl2, 0.1 mM MgCl2 and 0.1 mM MnCl2 diluted in 0.1 M PBS (pH 6.8), for 15 minutes at 65° 
C. Sections were then permeabilized in 0.1 M Tris-buffered saline and Triton X-100 (0.3% 
vol/vol) for 10 minutes, and incubated for 72 h with gentle shaking on an inclined table at 4° C 
in biotinylated IB4 diluted in CaCl2-containing buffer and blocking solution (0.05% vol/vol 
Triton X-100 and 2% vol/vol normal goat serum in CaCl2-containing buffer). Following lectin 
incubation and several PBS washes, sections were incubated overnight at 4° C in Cy3-
conjugated strepdavidin (1:200, Jackson Laboratories, cat. no. 016-500-084) diluted in blocking 
solution. Sections were then thoroughly washed in PBS and mounted onto glass slides.   
4.3.10 Analysis of Vascular Density  
Images of IB4-labeled tissue sections were visualized using a standard light microscope with a 
reflected fluorescence system (Olympus America Inc; Melville, NY) and TRITC filter.  Per each 
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of 3 coronal sections per animal containing a visible lesion, eight 400 µm by 400 µm images of 
peri-infarct cortex were collected at a final magnification of 756X.  Per section, one set of four 
images was obtained from deeper and superficial cortex within 100 µm of the medial and lateral 
edges of cortical infarcts, and an additional set of four was taken immediately adjacent to the 
first (Fig. 4). Samples in the contralesional hemisphere and in sham animals were taken 
homotopic to those collected in the ipsilesional hemisphere. Vascular density measurements 
were made in ImageJ using a custom macro that calculated the area fraction of IB4-labeled 
vessels in thresholded and binarized images. Vessel densities are reported as a percentage of the 
contralateral hemisphere. Vascular densities in the contralesional hemisphere were similar, and 
therefore pooled, across sample positions. Data from two animals in the sham group (1 sham No 
RT and 1 sham RT), and 2 animals (1 male and 1 female) in the infarct No RT group was 
omitted due to poor lectin labeling.  
4.3.11 Statistical Analyses 
All statistical analyses were performed using the SPSS software package. The effect of RT on 
spine dynamics was examined using a repeated measures analyses of variance (ANOVA) with 
group (infarct RT v infarct No RT) as a between-subjects variable and time as a within-subjects 
variable. Each infarct group was additionally compared to the sham group in secondary analyses.  
The Shapiro-Wilks test was used to check for normality. When warranted by significant Group 
by Time interactions, post hoc group comparisons per time point were performed using Holm-
Bonferroni corrected t-tests. Separate repeated measures ANOVAs between the groups outlined 
above were used to examine group differences in spine maintenance for new spines formed at 
weeks 1, 2 and 3 post-insult.  The last imaging time point (week 5) was omitted from the spine 
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dynamics ANOVA because of animal attrition at this time point, but between-group comparisons 
at this time point were analyzed with t-tests, and this time point was counted as a comparison in 
the Bonferroni-Holm's correction when post-hoc tests per time point were warranted by ANOVA 
results.  
  Repeated measures ANOVAs were used to probe for differences in post-infarct reaching 
performance over time using the same group comparisons as above, and when warranted by 
ANOVAs, post-hoc Bonferroni-corrected t-tests were used to probe differences at individual 
time points between groups. Pearson correlations were used to probe for relationships between 
post-infarct reaching performance and new spine survival. Reaching data is presented as 
successful retrievals per attempt, but for correlations reaching performance is presented as the 
percent of baseline performance.  
Using the same group comparisons as above, group differences in post-infarct reaching 
performance were examined using repeated measures ANOVA with group as a between-subjects 
factor, and time as a within-subjects factor. Differences in spine density and vascular density at 8 
weeks post-infarct was assessed using independent samples t-tests.  Data from males and 
females, as well as from both sham groups were combined for primary analyses of all measures 
listed above because there were no notable differences in the patterns of experimental results 
between them. Supplemental materials show individual group means for sham groups, as well as 
means disaggregated by sex. Group means for YFP and GFP males on spine measures, which did 








4.4.1 Artery-targeted photothrombosis increased spine turnover in peri-infarct cortex, the 
pattern of which differed with RT  
Sustained increases in spine turnover have been reported over weeks following  
photothrombosis, but only within 300 µm from the ischemic core, which is about the size of the 
ischemic penumbra produced with photothrombosis.   (Brown et al., 2007; 2009).  In the present 
study, we examined the impact of RT on spine dynamics in peri-infarct regions of MC between 
300 µm and 1 mm from the occluded arterioles. This was based on  previous results indicating 
that artery-targeted photothrombosis increases the size of the vascular penumbra (see Ch. 3).  In 
both infarct groups, spine formation was elevated during the 5 weeks following ischemia relative 
to sham animals. Repeated measures ANOVAs between each infarct group and sham revealed a 
significant main effect of Group on formation (No RT: F (1,13) = 76.58, p < 0.0001; RT: F (1,12) = 
26.9, p < 0.0001) as well as a significant Group by Time interaction between infarct No RT and 
sham groups on spine formation (No RT: F (3,39) = 2.98, p = 0.59; RT: F (3,36)  = 0.79, p = 0.5). 
Separate ANOVAs revealed significant Group by Time interactions between both infarct groups 
compared to sham on spine elimination (Infarct No RT: F (3,33) = 29.53, p < 0.0001; Infarct RT: 
(3,36) = 28.26, p < 0.0001) as well as a main effect of Group (Infarct No RT: F (1,11) = 84.78, p < 
0.0001; Infarct RT: F (1,12) = 23.79, p < 0.0001) indicating that spine elimination in both infarct 
groups was also elevated relative to sham animals, the pattern of which varied over time. 
Bonferroni-corrected t-tests revealed that in both infarct groups, spine elimination was 
significantly higher compared to sham at weeks 1( No RT: t(2,14) = 2.15, p < 0.0001, RT: t(2,11) = 
2.20, p = 0.0009 ) 2 (No RT: t(2, 14) = 2.15, p < 0.0001, RT: t(2, 11) = 2.20, p < 0.0001 )  and 3 (No 
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RT: t(2,14) = 2.15, p = 0.001, RT: t(2,11) = 2.20, p = 0.02 ), but only between the No RT group and 
sham at weeks 4 (No RT: t(2,14) = 2.15, p = 0.001 RT: t(2, 11) = 2.20, p = 0.25) and 5 (No RT: t(2,12) 
= 2.18, p = 0.001) 
In comparing spine turnover between infarct groups, ANOVA revealed that the pattern of 
spine formation was similar (Group by Time : F (3,33) =1.03, p=0.39; Main Effect:  F(1,11) = 3.20, p 
= 0.1).  However, the pattern of spine elimination differed between groups and was greater in the 
no RT group relative to RT group at later time points (Group by Time : F (3,27) = 5.30, p = 0.009; 
Main Effect F (1,9) = 3.00, p = 0.18).  Bonferroni-corrected t-tests revealed that at week 4, 
elimination was significantly higher in the infarct No RT compared to infarct RT group, an effect 
that just missed significance at week 5 (No RT: t(2,9) = 2.26, p = 0.051, Fig. 4.2). These results 
indicate that artery-targeted photothrombosis instigates increases in spine turnover that persist 
for weeks. However, spine elimination returns to near baseline levels during RT, despite 
sustained elevations in spine formation.  Reductions in spine elimination were associated with a 
near normalization of spine density to baseline levels by week 5 post-infarct in the RT group (t 
(2,3) = 3.18, p = 0.043),  but not in the No RT-group (t (2,5) = 2.57, p = 0.004).  
Across infarct groups, there was a tendency for males to have greater spine formation and 
elimination than females at weeks 1 and 2 post-infarct, but spine turnover was similar between 
sexes at all other time points (See Suppl. Table 4.2). Males also tended to have larger lesion 
volumes compared to females (M± SE  Females: 0.9 ± 0.1; Males : 1.1± 0.2; Suppl. Table 4.5), 
but there was no significant correlation between lesion size and spine turnover (r = 0.51, t(9) = 




Figure 4.2. Patterns of spine turnover in peri-infarct cortex varied between groups.  
(A) Example of spine turnover in peri-infarct cortex over several weeks. Green arrows 
correspond to newly formed spines, and red arrows to disappeared spines. Yellow asterisks 
symbolize persisting spines. Scale bar 10µm. (B) The pattern of spine formation was similar 
between infarct no RT and infarct RT groups. Spine turnover in both infarct groups remained 
elevated over time compared to sham (C) The pattern of spine elimination differed between 
infarct No RT and RT groups. In both infarct groups, spine elimination was significantly 
elevated for up to 3 weeks post (***p’s < 0.0001, ** p’s < 0.001, *p’s < 0.02). Spine elimination 
remained significantly elevated in the infarct no RT group at weeks 4 and 5 compared to both 
sham (*p < 0.02) and the RT group (week 4: †p < 0.02).  (D) Spine Density returned to near 
baseline levels by 5 weeks post-infarct with RT ( RT: *p < 0.04, No RT: **p =  0.001).  
 
4.4.2 RT promoted New Spine Stabilization  
Mostany and colleagues (2010)  previously reported that, in mice spontaneously recovering from 
MCaO, spines formed during the first several weeks after the insult were more likely to persist 
relative to intact animals.  We examined whether RT impacted the pattern of spine maintenance 
for new spines formed during weeks 1, 2 and 3 after artery-targeted photothrombosis (Fig. 4.3). 
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Between infarct groups, repeated measures ANOVA revealed neither a significant Group by 
Time interaction (F (2,16) = 2.92, p = 0.08), nor a significant main effect of Group on the 
maintenance of spines formed during week 1 (F(1,8) = 0.12, p = 0.735). In comparing each infarct 
group to sham, there were no significant Group by Time interactions (No RT: F (2,18) = 2.34, p = 
0.13; RT: F (2,14)  = 2.27, p = 0.14), but a significant main effect of Group for both (No RT: F (1,9) 
=16.05, p = 0.003; RT: F (1,7) = 22.4, p = 0.002; Fig. 3A). These results indicate that spines 
formed in the first week after the infarct were more likely to remain until week 4 regardless of 
whether animals received RT, relative to sham. However, new spines formed in week 1 were 
more likely to persist to week 5 after the infarct in the RT group compared to No RT group (t (2,7) 
= 2.36, p = 0.02).  Maintenance of spines formed during week 1 was also no longer significantly 
different between the infarct No RT group and sham at this time point (t (2,8) = 2.30, p = 0.17). 
These results indicate that RT promoted greater long-term persistence of new spines.  
Between infarct groups, we found that RT was associated with a greater maintenance of 
new spines formed during the initial weeks after the infarct compared to no RT. Repeated 
measures ANOVA revealed a significant Group by Time interaction (F (1,10) = 63.7, p < 0.0001), 
as well as significant main effect of Group (F (1,10) = 311.8, p < 0.0001) for spines formed during 
the second week after the infarct. Post-hoc Bonferroni corrected t-tests revealed that spine 
maintenance was similar between groups during the second and third week  (t (2,10) = 2.23, p = 
0.2; Fig. 3B).  A tendency for spine maintenance to be greater in the RT compared to the No RT 
group at week 4 (t (2,10) = 2.23, p = 0.04) did not reach significance after correcting for multiple 
comparisons. At week 5, elevated spine maintenance was significantly greater in the RT group 
relative to the no RT group at week 5 (t (2,10) = 2.26, p = 0.02). Between infarct RT and sham 
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groups, there was no significant group by Time interaction (F (1,9) = 0.017, p = 0.89), but a 
significant main effect of Group (F (1,9) = 9.54, p = 0.013), reflecting that spine maintenance was 
greater on average in the RT group relative to sham at all time points.  These and the above 
results support that RT is associated with increased stabilization of spines formed during week 2 
after the infarct. Furthermore, between infarct No RT and sham groups, there was neither a  main 
effect of Group (F (1,11) = 3.1, p = 0.11) nor a Group by Time interaction (F (1,11) = 0.517, p = 
0.28), indicating that without RT, new spines formed during this time period were just as likely 
to disappear as in sham animals.  
  For spines formed 3 weeks post-infarct, independent-samples t-tests revealed that spine 
maintenance at week 5 was significantly greater in the infarct RT group compared to both the 
infarct No RT group and sham (RT v No RT: t = 2.62, p= 0.04; RT v sham: t = 2.44, p = 0.04), 
but not between the infarct No RT group and sham (t = 2.62, p = 0.26; Fig. 3C). Together, these 
results indicate that the maintenance of spines formed during weeks 1 and 3 after the infarct was 
greater in the RT group relative to both the No RT group and sham animals. 
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Figure 4.3. Stabilization of spines formed during weeks 1-3 post-infarct was greater with 
RT at later time points. (A) Percent of spines formed during the first week  remaining at weeks 
2 -5. At week 5, spines were more likely to persist in the infarct RT group compared to No RT 
group and compared to sham. (B) The percent of spines formed during week 2 remaining at 
weeks 3-5 was greater with RT compared to No RT at weeks 4 and 5. (C) The percent of spines 
formed during week 3 remaining at week 5 was greater with RT compared to No RT and sham.  
(†p < 0.05 No RT vs. RT; *p < 0.05 RT vs. sham).  Independent samples t-tests were used for 
week 5, which was not included in the ANOVAs.  
 103 
4.4.3 RT improved deficits in skilled reaching  
Previously, we found that small motor cortical infarcts generated with artery-targeted 
photothrombosis instigated deficits in skilled reaching that recovered relatively quickly (See Ch. 
3). In the present study we found that over the RT period animals in the RT group recovered 
reaching performance to near baseline levels while performance in the No RT group remained 
lowered. This was not reflected in a significant main effect of Group (F (1,9) = 3.61, p = 0.09, Fig. 
4) nor Group by Time interaction (F (3,36) = 1.91, p = 0.17) on reaching performance. However, 
the pattern of performance improvements in skilled reaching varied between each infarct group 
relative to sham.  
Repeated measures ANOVAs revealed no significant Group by Time interaction between the 
infarct No RT group and sham (F (4,56) = 1.37, p = 0.25), but a significant main effect of Group (F 
(1,14) = 14.98, p = 0.002), reflecting that reaching performance in the infarct No RT group was 
lower relative to sham and did not vary significantly with time. Between infarct RT and sham 
groups, there was both a significant Group by Time interaction (F (4,52) = 2.71, p = 0.035), and a 
main effect of Group (F (1,13) = 5.61, p = 0.03). Post-hoc Bonferroni t-tests revealed that the 
infarct RT group performed significantly worse at post-infarct day 3 compared to sham (t (13) = 
2.16, p = 0.004). However, performance was not significantly different between RT and sham 
groups at any other time point group (Fig. 4B). Lesion volumes were similar between infarct 
groups (Fig. 4C), and were neither correlated with initial deficits at post-infarct day 3 (r = -0.31, t 
(10) = 1.03, p = 0.32), nor deficits assessed at week 5 (r = -0.57, t (9) = 2.09, p = 0.32).  These 




Figure 4.4. RT improved post-infarct skilled reaching performance. (A) Reaching 
performance on the single seed retrieval task. (B) Comparison of post-infarct reaching 
performance, measured as successful retrievals per reach attempt.  Post-infarct performance 
declined in both infarct groups. In the No RT group, performance decrements relative to sham 
operates did not vary significantly with time post-infarct (***p < 0.0001 main effect of group). 
In contrast, the RT group performed significantly worse than sham at post-infarct day 3 (***p < 
0.0001) but perform similar to sham at remaining testing weeks. Performance in the infarct No 
RT group is similar to the RT group at post-infarct day 3, but is lower, on average, compared to 
both infarct RT and Sham groups at remaining testing weeks.  (C). Cortical lesion volume, 
measured as the difference in volumes between cortical hemispheres, was significantly greater 
compared to sham in both the infarct No RT group (***p < 0.0001) and in the infarct RT group 
(*p < 0.01). Lesion volumes are similar between infarct No RT and infarct RT groups.  (D). 
Representative lesion reconstructions of the infarct group overlayed on coronal section 





While post-infarct reaching performance was not significantly different between males 
and females in either the RT group or No RT group. In both infarct groups, females tended to 
have smaller lesion sizes (Suppl. Table 4.5) but this was neither correlated with early 
performance deficits at post-infarct day 3 (r = -0.42, t(8) = 1.31 p = 0.22) nor performance at the 
final testing week (r = -0.17, t(8) = 0.5, p = 0.62).  Female and male averages in post-infarct 
reaching performance can be found in Supplementary Table 4.4.  
4.4.4 Post-infarct maintenance of new spines formed predicted reaching performance 
We next examined whether the preferential stabilization of spines formed after the infarct related 
to skilled reaching performance at post-infarct week 4. While new spines formed during the first 
week after the infarct were more likely to remain in both infarct groups relative to sham, the 
maintenance of these spines was not correlated with reaching performance at week 4 (r = 0.52, t 
(6) = 1.75, p = 0.14).  However, the percent of spines formed during weeks 2 and 3 that remained 
at week 4 was significantly correlated with behavioral performance at this time point (2 weeks: r 
= 0.74, t (8) = 3.11, p = 0.02, Fig. 5A; 3 weeks: r = 0.77, t (5) = 3.17, p = 0.03, Fig. 5B). Since this 
population of spines was preferentially stabilized with RT relative to both no RT groups and 
sham, these data indicate that RT increased the maintenance of spines formed during weeks 2 
and 3 that were associated with RT-mediated improvements in forelimb function.  
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Figure 4.5. Maintenance of new spines formed during weeks 2 and 3 post-infarct were 
correlated with reaching performance. The percent of new spines formed during (A) week 2 
and (B) week 3 remaining at week 4 positively correlate with and reaching performance, 
measured as a percent of baseline successful retrievals per reach attempt (*p = 0.02, *p =0.03). 
 
 
4.4.5 RT increased spine density on  apical dendrites in layer II/III of  remaining MC.  
Previously we found that in intact mice, training on a skilled reaching task increased 
spine density on the apical dendrites of layer V pyramidal neurons in layer II/III but not in layer 
1 of trained MC (Clark et al., 2018). In rats, RT increases synaptic densities within layer V of 
peri-infarct motor cortex relative to both animals undergoing spontaneous recovery and no-
infarct controls (Kim et al., 2018).  Here, we examined the impact of RT on spine density along 
the apical dendrites of the same neuronal population imaged in vivo within layer II/III of peri-
infarct MC  at 8 weeks post-infarct and found that spine density in the infarct RT group was 
greater compared to both the no RT group (t (9) = 2.26, p = 0.03)  and sham (t (10) = 2.22, p = 
0.0001; Fig. 6B).  Spine density was also increased in the No RT group relative to sham (t (13) = 
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2.16, p = 0.007).  Across groups, the magnitude of the increase, however, was not correlated with 
behavioral improvements at the final testing week ( r = 0.23, t (8) = 0.68, p = 0.51).  These results 
indicate that while artery-targeted photothrombosis increased spine density along the deeper 
apical dendrites of layer V pyramidal neurons irrespective of training condition, this effect was 
enhanced with RT and could also support functional improvements in skilled reaching 
performance in mice.  
 
 
Figure 4.6. RT increased spine density on apical dendrites of layer V pyramidal neurons in 
layer II/III of peri-infarct MC. (A) Confocal image of apical dendrite sampled in layer II/III. 
Scale bar 10µm. Spine density, measured as spines/µm, is increased with RT at 8 weeks post-op 
relative to both No RT (†p < 0.05) and sham (***p < 0.0001).  Spine density is also increased in 
the No RT group compared with sham (**p < 0.01).  
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4.4.6 Neovascularization was not evident at 8 weeks following artery-targeted photothrombosis 
 
Plenty of evidence from rodent models suggests that ischemia instigates neovascularization early 
on and well into the chronic post-infarct phase (Arenillas et al., 2007; Hayward et al., 2011; 
Martin et al., 2012; Lin et al., 2002; Lake et al., 2017; Ohab et al., 2006; Taguchi et al., 2009).  
However, whether initial increases in vascular density persist and for how long, and the impact 
of RT on the pattern of results remains unclear. Previously, using immunohistochemical analyses 
of IB4+ labeled vessels, we found that vascular density was increased up to 2 weeks following 
artery-targeted photothrombosis (Ch. 3). In the present study we used the same labeling method 
to examine vascular density 8 weeks following artery-targeted photothrombosis.  Independent 
samples- t-tests revealed that vascular density in the ipsilesional cortex was similar between each 
infarct group and sham between 100-400 µm from the lesion edge (infarct No RT v sham: t (13) = 
2.16, p = 0.66; infarct RT v sham: t (11) = 2.20, p = 0.72), and between 500-900 µm (infarct No 
RT v sham: t (13) = 2.16, p = 0.66; infarct RT v sham : t (11) = 2.20, p = 0.97; Fig. 6). There were 
also no differences in vascular density between infarct No RT and RT groups at either distance 
(100-500 µm: t (10) = 2.23, p = 0.78; 500-900 µm: t (10) = 2.23, p = 0.36 ).  Furthermore, 
combined vascular density (average of both distances) in the ipsilesional cortex was not 
correlated with infarct size (r = 0.42, t (10) = 1.42, p = 0.23). These results indicated that there was 
neither an increase in vascular density at 8 weeks nor a significant impact of RT on vascular 
density during this time frame.  
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Figure 4.7. Vascular density was stable 8 weeks following artery-targeted photothrombosis. 
(A) Photomicrograph of IB4 labeling in the ipsilesional cortex at the magnification used for 
analysis. To the right is a corresponding binarized image used for area fraction measurements. 
Scale bars = 100 µm. (B) Vascular density, represented as the % area of IB4-labeled blood 
vessels, in the ipsilesional cortex was similar between infarct No RT and RT groups, and 





4.5 Discussion  
 
Rehabilitative training (RT) approaches are the most common treatment for motor 
impairments, an especially prevalent consequence of infarct. In rodents, RT is associated with 
increased synaptic densities in peri-infarct cortex, as well as the reorganization of motor maps, 
both of which are linked to positive behavioral outcomes (Biernaskie et al., 2001; Dancause et 
al., 2005; Frost et al., 2003; Jones et al., 1999; Nudo et al., 1996; Murphy & Corbett 2009; Ward 
et al., 2004).  However, previously lacking was a detailed understanding of how structural 
remodeling events unfold over time, and how they interact with RT to drive functionally 
beneficial outcomes. An understanding of the temporal sequence of remodeling events is crucial 
for optimizing the timing of therapeutic strategies aimed at improving functional outcomes.  By 
monitoring synaptic structural plasticity at the level of individual dendritic spines in vivo we 
have shown that focal ischemia to the MC induced by artery-targeted photothrombosis increased 
spine turnover for up to 5 weeks following ischemia. Unlike previous studies, which found that 
spine turnover is restricted to the first several hundred µm of the ischemic core following 
traditional photothrombosis (Brown et al., 2008), we found that artery-targeted photothrombosis 
instigates widespread increases in spine turnover that extend at least 1mm from the occluded 
artery. Due to malfunctioning of equipment, we were only able to image CBF using MESI in half 
of the animals in the present study, and therefore CBF data was omitted from analyses.  We did 
find however, that in the subset of animals imaged at 48 hours post-stroke at  least some degree 
of reperfusion was evident in the targeted arteries.  Furthermore, across animals CBF was found 
to be > 65% of baseline CBF in peri-infarct imaging locations at 48 hours post-infarct indicating 
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that increases in spine turnover persisted despite the reestablishment of CBF to peri-infarct 
cortex. 
In both infarct groups, the extent of spine elimination was greater than spine formation 
during the first 2 weeks following ischemia, similar to previous reports (Brown et al., 2009). 
However, at weeks 4 and 5, spine elimination returned to near baseline levels in the infarct RT 
group, but remained elevated in the No RT group despite sustained increases in spine formation 
in both groups. These results indicated that RT was associated with improved spine stability at 
later time points. In comparing the maintenance of new spines formed between post-infarct 
weeks 1 and 3, we found that RT was associated with greater stability of this population of new 
spines at weeks 4 and 5 relative to both the infarct No RT group and sham. These and the above 
results suggested that the decrease in spine elimination with RT at weeks 4 and 5 is reflective of 
the increased maintenance of new spines formed after the infarct, which could be related to 
improvements in performance.  
When we examined the relationship between new spine maintenance and behavioral 
performance at week 4, we found that the percent of new spines, formed during weeks 2 and 3, 
remaining at week 4 was positively correlated with reaching performance at week4, which was 
greater in RT animals. These results are suggestive of the possibility that the maintenance of this 
population of spines could represent a structural mechanism supporting improvements in 
behavioral performance, and support the notion that the structural mechanisms underlying 
experience-dependent plasticity in the MC of intact mice learning a skilled reaching task (Xu et 
al., 2009, Yang & Gan, 2009), are similar with RT after ischemia.  Furthermore, these data are in 
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agreement with previous results, which found that RT promotes increased synapse efficacy, as 
gauged by increased perforated synapse densities. (Kim et al., 2018).  
In rats, RT after focal ischemia increases synaptic densities within layer V of  the peri-
infarct MC indicating that structural spine changes on dendrites in deeper layers are also 
associated with improvements in functional recovery with RT. Likewise,  in the present study we 
found that RT also increases spine density on apical dendritic branches of layer V pyramidal 
neurons in layer II/III peri-infarct MC up to 8 weeks following artery-targeted photothrombosis. 
This is not surprising, given that in intact animals skilled reach training has been shown to 
increase dendritic branching and complexity of layer V pyramidal neurons (Greenough & 
Withers, 1985; Greenough 1989) as well as increase dendritic spines density on apical branches 
of these same cells in deeper cortical layers (Wang et al., 2012; Clark et al., 2018). These data 
support the notion that, similar to learning-induced structural plasticity in intact animals,  RT-
driven functional improvements in skilled reaching performance are likely the product of 
coordinated changes in synaptic connectivity across various neuronal and dendritic populations 
both within and beyond peri-infarct MC.  Furthermore, these results highlight that  monitoring 
spine dynamics on the superficial apical branches of cortical pyramidal neurons provide only a 
small window for understanding the structural mechanisms underlying functional improvements 
with RT.  
Previously, we found that small motor cortical infarcts to MC (Ch. 3) created 
impairments in skilled reaching, but that recovered quickly, which is not ideal for examining the 
interaction between RT and recovery mechanisms associated with functional recovery over 
longer periods. In the present study, we demonstrated that artery-targeted photothrombosis can 
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be used to generate larger infarcts to MC that create lasting impairments in skilled reaching in 
mice.  In both infarct groups, reaching performance remained lower, on average, over the 5 
weeks, relative to sham. While significant improvements in skilled reaching were observed 
during week 1 in animals receiving RT, reaching performance never reached pre-operative or 
sham levels. These results indicated that artery-targeted photothrombosis is a useful model for 
studies examining the relationship between structural remodeling events and functional outcomes 
over the chronic post-infarct phase.   
Although plenty of evidence from rodent studies suggests that ischemia instigates 
neovascularization, there is a considerable amount of variability in the magnitude and persistence 
reported across studies (Arenillas et al., 2007; Hayward et al., 2011; Martin et al., 2012; Lin et 
al., 2002; Lake et al., 2017; Ohab et al., 2006; Taguchi et al., 2009), and debate on whether early 
neovascularization yields lasting increases in vascular density. In the present study, we probed 
for neovascularization, using endothelial cell marker IB4, at 8 weeks post-infarct and found that 
vascular density in the ipsilesional cortex of animals that received artery-targeted 
photothrombosis was similar to sham. This was irrespective of distance from the lesion border. 
Previously, using the same detection method, we found that vascular density was increased at 2 
weeks after photothrombotic infarcts. These results highlighted that while photothrombotic 
infarcts instigated neovascularization into the chronic post-infarct phase, there was no ongoing 
neovascularization by 8 weeks post-infarct. Likewise, in vivo studies of perfused vasculature 
report no evidence of neovascularization following McAO at later time points. (Mostany et al., 
2010). Since vessel densities were not tracked over time, the present data are insufficient to rule 
 114 
out the possibility that the lack of neovascularization at later time points is reflective of 
maturation of new vessels.  
Previous studies have found that new born neuroblasts in peri-infarct cortex associate 
with endothelial cells in new, unperfused vessels several weeks after focal ischemia (Ohab et al., 
2006; Taguchi et al., 2004; Thored et al., 2007) indicating that neovascularization could play a 
role in supporting cellular plasticity.  Other studies have also reported that increases in vascular 
density 1 week after focal ischemia are correlated with increases in CBF (Lake et al., 2017), 
indicating that neovascularization could also be supporting the restoration of CBF to peri-infarct 
cortex. That we observed no increase in vascular density 8 weeks after focal ischemia suggested 
that while neovascularization may support improvements in CBF perfusion as well as cellular 
recovery in peri-infarct cortex early on after infarct, it is not needed to support mechanisms of 
recovery at later time points.   
Very little is known about whether, or the extent to which, RT impacts 
neovascularization after ischemia. While activities such as voluntary running have been shown to 
instigate angiogenesis in intact MC (Adkins et al., 2006; Rhyu et al., 2010; Wallace et al., 2011), 
learning a skilled reaching task does not (Adkins et al., 2006). In the present study we found that 
vascular density in the ipsilesional cortex was similar between animals receiving RT compared 
to animals undergoing spontaneous recovery. These results indicated that improvements skilled 
reaching performance with RT are not associated with increased neovascularization at later time 
points. However, because vascular density was only assessed at 8 weeks post-infarct, these 
results cannot rule out the possibility that RT may alter the pattern of neovascularization early 
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after ischemia, nor the possibility that neovascularization at earlier time points could support 
early improvements in reaching performance. 
The most effective treatments for motor impairments after infarct are rehabilitative 
training (RT) approaches, which are far from sufficient to improve functional outcomes. In 
rodents, RT has the capacity to increases synaptic densities and movement representations within 
peri-infarct MC that are associated with improved functional outcomes, but the time course over 
which this occurred was unknown. A better understanding of how RT drives coincidental 
changes in structural plasticity that are associated with improved outcomes is essential for 
uncovering time-dependencies in RT that could guide optimization of current therapeutic 
strategies. Here we present evidence that RT is associated with a greater persistence of new 
spines formed between post-infarct weeks 2 and 3, the extent of which correlates with recovery 
of skilled reaching performance.  These data support the notion that ischemia-induced synaptic 
structural plasticity follows similar mechanisms as experience-dependent plasticity in the intact 
brain, and incite the possibility that the increased maintenance of this population of spines could 














Table 4.1 Sham Group Averages for all Reported Measures  
 
Spine Turnover  
 
 Formation                 Baseline      1wk              2wk            3wk            4wk              5wk   
  Group (n)        
Sham No RT 
(4)   2.3 ± 0.4 2.9 ± 0.7 2.4 ± 0.3    2.4 ± 0.4    2.1 ± 0.2        2.0 ± 0.1(3) 
 
Sham RT (4)    1.9 ± 0.3 2.0 ± 0.3 1.8 ± 0.1      2.2 ± 0.3    1.8 ± 0.2        2.2 ± 0.3  
Elimination     
Group      
Sham No RT (4) 2.6 ± 0.5 2.7 ± 0.2 2.3 ± 0.3   2.4 ± 0.3    3.0 ± 0.2        2.2 ± 0.1(3)  
Sham RT (4)     2.2 ± 0.1     2.4 ± 0.4     1.9 ± 0.2    2.2 ± 0.4    2.2 ± 0.1 2.2 ± .4 2.6 ± 0.5   2.2 ± 0.3    3.4 ± 0.4        2.2 ± 0.1(3) 
   
Spine Maintenance  
 
                                     1-2wk                 1-3wk               1-4wk                   1-5wk  
     Group(n)                 
Sham No RT (3) 52.5 ± 7.3 25.0 ± 4.0 16.7 ± 16.7 16.7 ± 16.7 (2) 
Sham RT (4) 58.4 ± 8.4 25.0 ± 8.3 16.7 ± 16.7 (3) 33.3 ± n/a (3) 
                                
                                   2-3wk                  2-4wk              2-5wk                    
     Group(n) 
Sham No RT (4) 52.5 ± 7.3 25.0 ± 4.0 16.7 ± 16.7 (3) 
Sham RT (3) 75.0 ± 25.0 58.5 ± 8.5 33.3 ± n/a 
 
 
                                  3-4wk                 4-5wk                                 
 Group(n) 
Sham No RT (3) 47.2 ± 12.0 37.5 ± 12.5 (2) 




Table 4.1 Cont.  
 
Post-infarct Reaching Performance  
   
                 3D             1wk            2wk            3wk           4wk           5wk             
 
Sham No RT .40 ± .04 .44 ± .03 .44 ± .02 .44 ± .04 .40 ± .03   .50 ± .07 
Sham RT .49 ± .07 .41 ± .03 .46 ± .05 .43 ± .05 .47 ± .04   .46 ± .05 
 




Area fractions of IB4-labeled blood vessels  
  
                   Ipsi                        Contra 
 
Group (n) 100-500µm 500-900µm 100-500µm 500-900µm 
Sham No RT 11.4 ± 0.8 10.4 ± 0.9 134.7 ± 7.0** 120.4 ± 5.8 
Sham RT 12.0 ± 1.0 9.8 ± 1.0 123.6 ± 7.0 145.8 ± 3.6 
 
  
group     Male (n) Female (n) 
Infarct RT   4.1 ± 0.2 (4) 2.5 ± 0.2 (4) 
Infarct No RT   3.0 ± 0.3 (5) 4.1 ± 0.4 (4) 
Sham   5.1 ± 1.8 (2) 5.9 ± 0.4 (4) 
 
 
Density of IB4 Labeled Vessels 
Group (n) 100-500µm 500-900µm Combined 100-500µm   500-900µm 
Sham RT   10.1 ± 1.0 8.9 ± 0.4 9.9 ± 1.0   9.8 ± 1.0  9.5 ± .7 
Sham No RT   8.8 ± 0.5  8.9 ± 0.6 8.8 ± 0.6   9.5 ± 0.7  9.8 ± 1.1 
















Table 4.2 Spine Turnover Disaggregated by Sex  
        Baseline       1wk            2wk            3wk            4wk             5wk 
  
  Group (n) Formation      
Infarct RT 2.6 ± 0.3 5.4 ± 0.9 5.1 ± 0.9    5.5 ± 0.6     4.3 ± 0.7       3.0 ± 0.3 
Female (3) 2.3 ± .4 4.3 ± 1.2 4.0 ± 1.0 4.9 ± .8       4.1 ± 0.6       2.7 ± 0.1 (2) 
Male (2) 3.1 ± .3 7.0 ± 0.2 7.0 ± 0.9 6.5 ± 0.2     4.7 ± 0.2       2.7 ± 3.2 
Infarct No RT 2.5 ± 0.9 6.3 ± 0.9 6.8 ± 0.9      5.9 ± 0.7     3.7 ± 0.4       5.7 ± 0.5 
Female (3) 2.6 ± 0.1 4.1 ± 0.6 6.2 ± 1.5    6.0 ± 1.3     4.2 ± 1.0       5.3 ± 1.2 
Male (5) 2.4 ± 0.3 8.0 ± 0.6 7.1 ± 1.3    5.8 ± 1.0     3.5 ± 0.4       5.6 ± 0.2 
Sham 2.2 ± 0.3 2.7 ± 0.4 2.0 ± 0.3      2.4 ± 0.3     1.9 ± 0.3       2.1 ± 0.2 
Female (4) 2.2 ± 0.4 2.9 ± 0.7 1.9 ± 0.5      2.5 ± 0.6     2.1 ± 0.6       2.2 ± 0.4 (3) 
Male (4) 2.2 ± 0.1 2.1 ± 0.3 2.2 ± 0.4      2.0 ± 0.4     1.6 ± 0.1       1.8 ± 0.1 
     
Group (n) Elimination     
Infarct RT 2.5 ± 0.2 8.0 ± 1.5 7.2 ± 0.8   4.7 ± 0.4     3.6 ± 0.5       5.4 ± 0.8 
female 2.3 ± 0.4 6.8 ± 1.5 6.6 ± 1.2    3.7 ± 1.1     2.8 ± 0.1       3.0 ± 0.2 
male 2.7 ± 0.1 10.0 ± 3.0 8.1± 0.4    6.2 ± 1.9     4.9 ± 0.2       2.9 ± 0.3 
Infarct No RT 2.5 ± 0.3 11.6 ± 0.9 7.1 ± 0.8    4.3 ± 0.4     6.3 ± 0.7       3.6 ± 0.5 
Female 2.6 ± 0.5 11.0 ± 2.3 7.1 ± 1.5    4.8 ± 0.7     4.8 ± 0.6       7.4 ± 0.2 
male 2.4 ± 0.3 12.1 ± 0.5 7.1 ± 1.2    4.0 ± 0.6     7.3 ± 0.8       3.8 ± 0.6 
Sham  2.4 ± 0.4 2.7 ± 0.3 2.3 ± 0.4   2.3 ± 0.3     2.9 ± 0.3       2.1 ± 0.2 
Female 2.8 ± 0.8 2.6 ± 0.7 2.7 ± 0.7    2.2 ± 0.4     3.4 ± 0.4       1.9 ± 0.3 
Male 2.0 ± 0.2 2.8 ± 0.1 2.0 ± 0.1    2.6 ± 0.3     2.3 ± 0.1       2.3 ± 0.3 
Group Ns are the same for all time points unless denoted otherwise. Group Ns for 






                                     2-3wk                 2-4wk               2-5wk                    
Infarct RT              72.4 ± 6.1          56.8 ± 3.2           56.0 ± 4.0                 
Female  68.3 ± 9.3 (3) 53.3 ± 3.3 (3) 50.0 ± 0 (2)               
Male  78.5 ± 7.1 (2) 62.0 ± 5.0 (2) 62.0 ± 5.0 (2)      
Infarct No RT  63.3 ± 3.4 42.6 ± 4.8 31.2 ±7.8 
Female  62.6 ± 6.4 (3) 49.0 ± 4.9 (3) 34.0 ± 11.6 (3) 
Male  62.8 ± 8.6 (4) 31.9 ± 4.0 (4) 20.5 ± 3.8 (4) 
Sham  57.2 ± 10.0 34.3 ± 7.5 16.7 ± 10.4 
Female  70.0 ± 15.3 (3) 46.7 ± 3.3 (3)    25 ± 25 (3) 
Male  44.4 ± 11.0 (3) 22.1 ± 11.1 (3)      0 ± 0 (3) 
    
                              3-4wk                   3-5wk         
Infarct RT   71.2 ± 10.6 65.9 ± 11.8 
Female 81.8 ± 0 (2) 81.8 ± 0 (2) 
Male 60.7 ± 10.6 (2) 50.0 ± 0 (2) 
Infarct No RT  59.2 ± 8.4 39.8 ± 6.6 






Table 4.3 Spine Maintenance Disaggregated by Sex  
 
			Group(n)                 1-2wk                 1-3wk                  1-4wk                1-5wk  
Infarct RT   68.5 ± 6.7 48.6 ± 1.9   48.6 ± 1.9 48.1 ± 1.9 
Female  58.5 ± 8.5 (2) 47.2 ± 2.8 (2)   47.2 ± 2.8 (2)    44.4 ±n/a (2)  
Male  78.5 ± 1.5 (2) 50.0 ± 0 (2)   50.0 ± 0 (2)       50.0 ± 0 (2)  
Infarct No RT  67.7 ± 6.0 54.4 ± 8.7   36.7 ± 4.8 30.0 ± 5.6 
Female  70.5 ± 12.8 (2) 61.6 ± 21.7 (2) 45.0 ± 5.0 (2) 35.0 ± 15.0 (2) 
Male  66.3 ± 6.9 (4) 50.8 ± 6.3 (4)  32.5 ± 4.3 (4) 28.3 ± 6.0 (4) 
Sham  51.2 ± 9.7  25.0 ± 8.7   11.1 ± 7.0   8.3 ± 11.7 
Female  58.4 ± 8.4 (2) 25.0 ± 8.3 (2)  16.7 ± 16.7 (2) 33.3 ± n/a (1) 
Male  35.4 ± 5.3 (4) 14.6 ± 8.6 (4)       0 ± 0 (2)     0 ± 0 (2) 
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Table 4.3 Cont.    
Male  56.2 ± 9.9 (5) 40.5 ± 7.9 (5) 
Sham  56.2 ± 13.3 27.7 ± 10.4 
Female  37.5 ± 12.5 (2) 25.0 ± n/a (1) 
Male  66.6 ± 19.3 (3) 27.6 ± 20.7 (3) 
Values are M ± SE 
 
 
Table 4.4 Post-infarct Behavioral Performance Disaggregated by Sex 
   
                 3D             1wk            2wk            3wk           4wk           5wk             
 










 Infarct RT .21 ± .04 .33 ± .01 .37 ± .05 .34 ± .01 .35 ± .03   .41 ± .03 
Female (3) .25 ± .02 .33 ± .01 .34 ± .04 .33 ± .01 .35 ± .01   .40 ± .07  
Male (2) .17 ± .05 .34 ± .02 .40 ± .07 .36 ± .03 .36 ± .09   .42 ± .04 
Infarct No RT .21 ± .04 .33 ± .01 .37 ± .05 .34 ± .01 .35 ± .03   .41 ± .03  
Female (3) .25 ± .09 .23 ± .06 .31 ± .06 .39 ± .07 .43 ± .04   .45 ± .03  
Male (3) .23 ± .05 .15 ± .02 .20 ± .04 .23 ± .06 .25 ± .03  .42  ± .04  
Sham  .40 ± .04 .40 ± .03 .40 ± .03 .40 ± .03 .42 ± .03   .42 ± .05 
Female (5) .38 ± .06 .45 ± .03 .39 ± .04 .44 ± .04 .45 ± .02   .43 ± .09 
Male (5) .38 ± .04 .33 ± .03 .36 ± .04 .38 ± .05 .40 ± .04 .36 ± .06 
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Table 4.5 Cortical lesion volume disaggregated by sex. 
 
 
Values are M ± SE.  
 
 
Table 4.6 Area fractions of IB4-labeled blood vessels in ipsilesional and contralateral 
homotopic cortices disaggregated by sex 
  
      Ipsi                        Contra        
 
Group (n) 100-500µm 500-900µm Combined 100-500µm   500-900µm 
Infarct RT 10.1 ± 0.8 10.4 ± 0.9 9.3 ± 0.9   9.8 ± .8  9.0 ± 0.5 
Female (3)   9.5 ± 0.2    8.3 ± 0.4 8.3 ± 0.1   9.2 ± 0.3  9.0 ± 0.8 
Male (2) 11.2 ± 2.0  10.9 ± 2.1 10.7 ± 2.0 10.7 ± 2.0  8.9 ± 1.1 
Infarct No RT 9.4 ± 0.4   8.6 ± 0.8 8.5 ± 0.4   8.7 ± 0.8  8.3 ± 0.7 
Female (3) 9.5 ± 0.4  10.1 ± 0.3 8.2 ± 0.3   9.2 ± 0.3  9.0 ± 0.8 
Male (4) 9.3 ± 0.6    8.0 ± 0.9 8.7 ± 0.6 10.7 ± 2.0  8.9 ± 1.1 
Sham    9.7 ± 0.8    8.9 ± 0.4 9.7 ± 0.8 
 
  9.5 ± 0.7 
 
 9.7 ± 0.7 
 
Female (4)   9.2 ± 0.3    9.3 ± 0.3 9.2 ± 0.3   9.2 ± 0.3  9.2 ± 0.6 
Male (4) 10.1 ± 1.4    8.6 ± 0.6 9.9 ± 1.4   9.7 ± 1.1  9.8 ± 1.2 
Values are M ± SE      
  
group        Male (n)   Female (n) 
Infarct RT    1.13 ± 0.61 (2)  0.84 ± 0.12 (3) 
Infarct No RT     1.1 ± 0.18 (5)  0.95 ± 0.24 (4) 





Table 4.7 YFP and GFP averages for spine measures   
 
Spine Turnover  
 
 Formation                 Baseline      1wk              2wk            3wk            4wk              5wk   
  Group (n)        
GFP (3) 2.7 ± 0.6 8.9 ± 2.1  7.8 ± 0.6     6.1 ± 0.6    7.4 ± 0.6        4.1 ± 0.8  
YFP (4)  2.7 ± 0.3 11.1 ± 0.6 7.0 ± 1.4      3.7 ± 0.1    6.5 ± 1.2        3.6 ± 1.3  
Elimination     
Group      
GFP (3) 2.5 ± 0.3 12.0 ± 0.7 7.9 ± 0.7   6.8 ± 1.4    6.8 ± 0.7      3.8 ± 0.7  
YFP (4)     2.6± 0.1     11.1 ± 1.4     7.0 ± 1.4     3.7 ± 0.3    6.4 ± 1.2 3.3 ± 0.2 2.6 ± 0.5   2.2 ± 0.3    3.4 ± 0.4        2.2 ± 0.1(3) 


























Chapter 5: Discussion 
 
Stroke remains one of the leading causes of long-term disability in adults leaving nearly 80% of 
stroke survivors with long-term functional impairments, and limited recovery without treatment 
(Kwakkel et al., 2003; Lai et al., 2002; Mozaffarian et al., 2016).  Impairments in the upper-
extremities are a particularly prevalent consequence of stroke.  Rehabilitative training (RT) 
approaches are the main tools used for improving function in the impaired limb, but are far from 
sufficient to normalize function.  Optimization of current therapeutic strategies could benefit 
from a more detailed understanding of the time course over which RT therapies drive 
coincidental brain plasticity.  
From rodent models of ischemia-induced chronic upper-limb impairments, we know that 
RT of the impaired limb increases that limb’s representation in remaining motor cortex (MC), 
indicating that it is sufficient to drive large scale structural and functional reorganization of peri-
infarct MC (Butler et al., 2007; Nudo et al., 2007; Ward et al., 2003; Wittenberg et al., 2010).  
However, until now, the time course over which RT instigated functionally beneficial structural 
remodeling events was unclear. A main goal of these dissertation studies was to advance our 
basic understanding of structural synaptic responses to RT as a first step in understanding the 
itme course of RT-mediated structural remodeling events in order to identify sensitive periods 
when RT may be maximally beneficial for driving structural remodeling events associated with 
positive functional outcomes. Here we showed that in intact adult mice, skilled forelimb training 
increases spine formation and is followed by an equal and opposite increase in spine elimination, 
but newly formed spines are preferentially stabilized and correlated with improvements in 
performance of the task.  These results suggested the possibility that maintenance of this 
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population of spines could represent a structural substrate for refinements in skill learning that 
are related to improved performance (Ch. 2).  
Previous studies found that focal ischemia instigates profound and sustained increases in 
spine turnover (Brown et al., 2007; Brown et al. 2009; Mostany et al., 2010).  Furthermore, in 
areas more devastated by the infarct, newly formed spines are preferentially stabilized compared 
to new spines formed in more distant regions (Mostany et al., 2010), indicating that new spine 
stabilization may be more beneficial for recovery in adjacent tissue regions that suffered more 
extensive damage (Mostany et al., 2010). However, whether behavioral experience could impact 
spine maintenance in more distant cortical regions was unknown.  We found that RT on a skilled 
reaching task after motor-cortical infarcts increases the maintenance of new spines formed 
during weeks 2 and 3 post-infarct relative to animals undergoing spontaneous recovery, and that 
spine maintenance was associated with improvements in performance, assessed 4 weeks post-op 
(Ch. 4).  These results indicate that RT improves function of skilled reaching performance after 
ischemia through similar structural mechanisms as skilled motor training in intact mice in vivo. 
Lastly, previous studies using photothrombosis have found increases in dendritic spine turnover 
are restricted to within a short range surrounding the infarct, likely a consequence of the small 
penumbra. Here we have shown that a modified version of photothrombosis that restricts laser 
illumination within arteries on the cortical surface increases the vascular penumbra, and is 





5.1 Experience-dependent structural synaptic plasticity in the intact brain 
In the first study we sought to clarify the time course and extent of training-induced structural 
synaptic plasticityin the MC of adult mice,  and its relevance to skill retention.  Previous studies 
in young adult animals (Xu et al., 2009; Yang & Gan, 2009) found that skilled reach training 
drastically increased spine turnover within the trained MC starting as early as 1 day (Xu et al., 
2009) after the onset of training. Furthermore, new spines formed early on during training were 
preferentially stabilized and more likely to persist, relative to spines in control animals, up to 
several months after training was terminated (Xu et. al., 2009).  These results raised the 
possibility that this population of new spines represents a structural mechanism for the long-term 
retention of the newly acquired skill.  
 There is a wealth of evidence to suggest that while spine turnover in cortex is remarkably 
stable in adults, a subset of spines remains plastic and are sensitive to manipulations of 
experience (Grutzendler et al., 2002; Majewaska et al., 2006; Trachtenberg et al., 2002). 
Furthermore, the mechanisms that underlie experience-dependent plasticity in adolescence are 
similar, albeit to a lesser extent, as the mechanisms underlying experience-dependent plasticity 
observed in adolescence (Bavelier et al., 2010; Holtmaat & Svoboda, 2009; Zito & Svoboda, 
2002). We found that, in adults, skilled reach training increases spine turnover in the trained MC 
similar to young adults; however, the time course over which these changes occur is delayed, as 
well as the extent of spine turnover.  Notably, just as with training in adolescents, new spines 
formed early after the onset of training (Day 3) are preferentially stabilized, and more likely to 
persist until the final training session.  
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 By comparing spine dynamics in animals that received 15 days of training with animals 
that stopped training after 3 days, when spine formation is highest, we were able to investigate 
the relationship between new spine maintenance and long-term retention of the task. 
Interestingly, we found spine turnover follows a similar pattern in animals that stop training after 
3 days, but that new spines formed early on during training are no longer preferentially 
stabilized. These results indicated that continued training is necessary for the preferential 
stabilization of this population of new spines. However, animals that stopped training early were 
still able to perform the task just as well as they did on day 3 when tested again on day 15, 
indicating that the maintenance of new spines was not necessary for the maintenance of the skill.  
Instead, we found that new spine stabilization is a better predictor of performance gains, rather 
than skill maintenance, indicating that training-induced spine stabilization might be more 
strongly related to skill refinement instead of memory endurance.  
Importantly, we also found that while training did not impact spine density on the 
population of dendrites in layer 1 imaged in vivo, it was associated with an increase in spine 
density on deeper apical dendrites within layer II/III of trained MC. These results indicate that 
there is variation in structural plasticity induced with skill learning on nearby dendritic 
subpopulations of the same neuronal population. These results highlight that while in vivo 
imaging is an invaluable approach for examining the structural basis of experience-dependent 
plasticity, spine alterations occurring on the superficial apical branches of cortical pyramidal 
neurons provide only a small window into training-induced structural plasticity, which was taken 
into consideration in Ch. 4, when examining the effects of ischemia on dendritic spine dynamics 
on this same population of dendrites in vivo.  
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5.2 A Photothrombotic Model that Better Approximates the Vascular Penumbra 
The photothrombotic stroke model is particularly well-suited in rodent models of ischemia-
induced upper-limb impairments because it creates focal infarcts that can be placed, with 
anatomical precision, over the MC to instigate impairments in skilled forelimb function 
(Carmichael et al., 2005; Kleim et al., 2007; Krakauer et al., 2006; Nudo et al., 1999).  It can also 
easily be combined with in vivo imaging techniques, since ischemia can be induced through 
cranial windows (Carmichael et al., 2005). For these reasons, photothrombosis was the most 
appropriate choice for the studies outlined in Ch. 3 and 4.  However, one main drawback of the 
model is that it creates relatively little ischemic penumbra (Carmichael et al., 2005), which 
makes it challenging to examine how vascular events within the penumbra contribute to 
structural remodeling events over longer periods. This was particularly concerning given that a 
main goal of the current dissertation studies was to understand the impact of the vascular 
penumbra on structural remodeling events. Therefore, in collaboration with a graduate student in 
Dr. Andrew Dunn’s lab, we tested whether of a variation of the standard photothrombotic 
approach that confines laser illumination to a set of arterioles on the cortical surface, could better 
mimic the vascular penumbra in humans. To do this, we coupled a digital micromirror device 
(DMD) to the standard photothrombotic setup in order to produce patterned illumination on the 
surface of the cortex that could be shaped to match any expanse of identified surface arteries 
and/or arterioles.  
 By monitoring cerebral blood flow (CBF) during the acute phase after artery-targeted and 
traditional photothrombosis, we found that artery-targeted photothrombosis instigates more 
widespread and sustained increases in CBF relative to the traditional model. We took this as 
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evidence that artery-targeted photothrombosis better articulates the vascular penumbra compared 
to the standard model and is thus better suited for studies examining the impact of remodeling 
events within it on mechanisms of recovery over longer periods.  
This model is not the first variation of photothrombosis that has been proposed. Other 
models include the photothrombotic-ring model (Gu et al., 1999), the single-point occlusion 
model (Schaffer et al., 2006; Sigler et al., 2008) and modified McAO through photothrombosis 
(Sugimori et al.,2004). The photothrombotic-ring model creates ring-shaped lesions of variable 
sizes, wherein the ischemic penumbra is fully contained within the core region, giving the 
experimenter better control over its size. However, progressive vasogenic edema quickly 
propagates inward from the ring towards the penumbra, limiting the ability to examine events in 
this tissue over longer periods, and therefore understand how events in the penumbra might 
impact mechanisms of recovery during the chronic post-stroke phase. In the single-point 
occlusion model, illumination through a two-photon microscope creates precise infarcts that are 
contained within individual arteries.  An advantage of this model is that it can be used to occlude 
penetrating arterioles at a point just under the cortical surface, where they begin to dive into 
deeper cortical layers, to ensure downstream effects in connecting microvasculature.  However, 
because illumination occurs at a single point, lesions can be relatively small and subject to the 
effects of collateral circulation from nearby arteries.  In Ch. 3, we showed that artery-targeted 
photothrombosis could be used to simultaneously occlude branches of the middle-cerebral artery 
(MCA) draining into MC as well as branches of the anterior cerebral artery (ACA) in order to 
better control the effects of reperfusion at the time of ischemia.  
 129 
The main advantage of the modified McAO model for photothrombosis, is that it gives 
the experimenter better control over infarct size, which is the main disadvantage of the model.  
McAO can also be used as an ischemia-reperfusion model, an advantage given the recent interest 
in therapeutic strategies to improve reperfusion after stroke (Fisher et al., 1997; Gravanis et al., 
2008). However, reperfusion must be instigated by the experimenter, which is quite different 
than what is seen in humans where reperfusion unfolds gradually over time (Khatri et al., 2014; 
Sommer et al., 2017).  We found that artery-targeted photothrombosis instigates delayed and 
spontaneous reperfusion, better approximating human stroke. 
The results obtained in Ch. 3 indicated that artery-targeted photothrombosis creates a 
wider, more dispersed penumbra relative to the traditional model, and can be used as an 
ischemia-reperfusion model, while maintaining the ability to create focal infarcts do discrete 
regions of cortex. We took this as evidence that artery-targeted photothrombosis is better suited 
to model important aspects in human stroke, therefore improving its translational relevance as a 
pre-clinical stroke model.  
 
5.3 The Impact of Artery-Targeted Photothrombosis on Vascular Remodeling  
Vascular remodeling in peri-infarct cortex is multifaceted. In the more acute phases, surface 
arteries and arterioles may expand in diameter in order to increase collateral flow to the damaged 
tissue, and microvasculature has been shown to redirect blood flow towards the lesion site 
(Schaffer et al., 2006).  Significant neovascularization has also been reported as early as 24 hours 
following ischemia (Lin et al., 2002). However, evidence for neovascularization in the chronic 
post-stroke phase is murky, and early increases in neovascularization do not necessarily lead to 
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lasting increases in vascular density (Wei et al., 2001).  In the following dissertation studies, we 
chose to focus on understanding the impact of photothrombosis on neovascularization given that 
there is considerable debate over its extent, time course, and relevance to structural remodeling 
events in the chronic-post stroke phase (Arenillas et al., 2007; Brown et al., 2007; Hayashi et al., 
2003; Hayward et al., 2011; Lake et al., 2017;Lin et al., 2008; Martin et al., 2012; Marti et al., 
2000; Manoonkitiwongsa et al., 2001; Mostany et al. 2010; Prakash et al., 2013’ Taguchi et al., 
2004; Thored et al., 2007; Wei et al., 2001; Zhang et al., 2000).  
 Previous studies have found that increases in vascular density are correlated with 
increases in CBF 7 days after ischemia (Martin et al., 2012), indicating that neovascularization in 
the subacute phase following stroke could support improvements in regional CBF. In Ch. 3, we 
found that photothrombosis increases vascular density, assessed using endothelial cell label IB4, 
up to 2 weeks following ischemic infarcts.  However, because we did not monitor CBF at this 
time point, the impact (if any) neovascularization had on CBF is unclear.  
 Results from several studies suggest that angiogenesis is transient, and only necessary for 
the removal of necrotic debris around the lesion site (Manoonkitiwongsta et al., 2001; Wei et al., 
2001). While we were unable to determine the precise time course of neovascularization with 
just three time points (1,2 weeks and 8 weeks), in Ch. 4 we found that ongoing 
neovascularization needed to maintain increased vessel densities is no longer evident at 8 weeks 
following photothrombosis.  These results could reflect retraction or pruning of vessels, as well 
as maturation of vessels from earlier time points.  
Previous in vivo studies reported no evidence for neovascularization after 
photothrombosis (Brown et al., 2007; Mostany et al., 2010; Schrandt et al., 2014; Tennant et al., 
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2013). One question that remained was whether the lack of neovascularization could be 
attributed to differences in the model, in detection methods, or both.  All of these studies used 
intravascular labeling techniques with fluorescent dextran dyes that label blood plasma, and 
therefore cannot detect new unperfused vessels. By examining neovascularization using 
histological techniques similar to studies that reported neovascularization in other focal ischemia 
models (Hayward et al., 2011; Hayashi et al., 2003; Lin et al., 2002; Lin et al., 2008; Lake et al., 
2017; Martin et al., 2012; Marti et al., 2000; Ohab et al., 2006; Taguchi et al., 2009;), we verified 
that photothrombosis does instigate neovascularization early on after ischemia that dissipates 
several months after stroke. Therefore, these data are in line with both previous studies using 
histological techniques, and within vivo studies reporting a lack of neovascularization at later 
time points. (Mostany et al., 2010).  
 
5.4 The Impact of Artery-Targeted Photothrombosis on Neuronal Structural Plasticity 
Very few studies have monitored the impact of focal ischemia on structural plasticity over time 
during the chronic post-stroke phase (Brown et al., 2007; Brown et al., 2009; Brown et al., 2010; 
Mostany et al., 2010). Brown and colleagues found that photothrombosis instigated robust 
increases in dendritic spine turnover that persist for up to 6 weeks after the infarct. However, 
increases in spine turnover were restricted to within the first 300 µm of cortex which is about the 
size of the ischemic penumbra (See Ch. 3). These results were quite different compared to 
Mostany and colleagues, who reported widespread increases in spine turnover even in more 
distant regions several mm from the infarct after McAO. In Ch. 4 we examined whether artery-
targeted photothrombosis, which better approximates the ischemic penumbra in humans, could 
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increase the range with which increases in spine turnover were observed. We monitored spine 
changes on dendritic segments between 300 µm and 1mm from the occluded artery and found 
that artery-targeted photothrombosis instigates robust and widespread changes in dendritic spine 
turnover even at distant regions from the infarct. Similar to Brown and colleagues, we found that 
elevated spine turnover persists for up to 5 weeks (the final imaging time point) following 
ischemic infarcts. Although I was unable to accurately quantify CBF at 48 h post-infarct  in the 
majoorty of animals utilized in Ch. 4 do to equipment malfunction, in the subset of animals I did 
collect data for, some degree of spontaneous reperfusion was evident in the occluded arteries at 
48 h.  These results are in line with results from Ch. 3 where I found that delayed spontaneous 
reperfusion of the occluded arteries occurred by 120 h post-infarct and indicated that enhanced 
spine turnover is maintained well after the re-establishment of CBF to the damaged region.  
 
5.5 RT shapes ischemia-induced structural plasticity that supports functional outcomes 
To our knowledge, these dissertation studies provide the first evidence of how rehabilitative 
training (RT) impacts structural brain plasticity over time in the living animal. Previous end-
point studies have found that RT increases synaptic densities in peri-infarct MC (Jones et al., 
1996), and increases the impaired limb’s representation in spared MC, as assessed using 
intracortical microstimulation (Butler et al., 2007; Nudo et al., 2007; Ward et al., 2003; 
Wittenberg et al., 2010).  However, previously lacking was an account of how structural 
plasticity unfolds over time, and in relation to functional improvements in forelimb function. In 
Ch. 4, we found that the pattern of spine turnover over the first several weeks is similar in 
animals receiving RT compared to animals undergoing spontaneously recovery. However, at 
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later time points (weeks 4 and 5), RT is associated with a return of spine elimination to near 
baseline levels. We found that this decrease in spine elimination is associated with an increase in 
the maintenance of new spines formed between weeks 1 and 3 during these same time points.  
Furthermore, the percent of new spines, formed during weeks 2 and 3, remaining until week 4 is 
positively correlated with improvements in skilled reaching performance. These results are 
suggestive of the possibility that preferential stabilization of this population of spines could 
represent a structural mechanism for functional improvements in skilled reaching.  
5.6 Similarities and differences between ischemia-induced structural remodeling events and 
experience-dependent plasticity in the intact brain  
It is thought that ischemia-induced structural plasticity follows similar principles as experience-
dependent plasticity in the intact brain (Bavelier et al., 2010).  By monitoring structural synaptic 
plasticity during skilled reach training in the intact MC of adult mice, and then again during RT 
after focal ischemia to MC, we were able to compare differences in structural plasticity 
mechanisms under normal circumstances and following brain damage. We found that following 
ischemia there are robust increases in spine turnover even without RT. These results support the 
idea that after ischemic damage, there is a capacity for heightened plasticity within peri-infarct 
cortex, and that the environment for experience-dependent plasticity might be more similar to 
what is observed in adolescence (Bavelier et al., 2010; Grutzendler et al. 2002; Holtmaat & 
Svoboda, 2009; Zito & Svoboda, 2002). Furthermore, the time period over which increases in 
spine turnover are observed is much greater in mice following ischemia compared with intact 
mice, which suggests that ischemia expands the time window over which structural plasticity 
unfolds.  
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 Previous studies reported that ischemia instigates preferential stabilization of spines 
formed in the weeks following the infarct for up to several months in animals undergoing 
spontaneous recovery (Mostany et al., 2010). Our finding that RT is associated with greater 
maintenance of new spines formed between weeks 2 and 3 after infarcts, the extent to which is 
positively correlated with improvements in skilled reaching, parallels our previous finding in 
intact mice, that preferential stabilization of spines formed in response to training is associated 
with performance gains. Both animals receiving RT and animals undergoing spontaneous 
recovery show some degree of improvement in skilled reaching performance.  However, the 
degree of improvement is greater with RT, and is associated with a greater maintenance of new 
spines formed after the infarct.  These results iincite the possibility of an ongoing role for new 
spine maintenance in refinement strategies that underlie improvements in skilled forelimb use 
after ischemia.  It is important to note that the use of the term functional recovery in the present 
dissertation studies should not be mistaken for true functional recovery (Murphy & Corbett, 
2009) because we did compare the quality of forelimb movements made in mice after ischemia. 
Within the scope of these studies functional recovery refers to improved performance in skilled 
reaching behavior, which undoubtedly involves some form of compensation (Murphy & Corbett, 
2009).  
 In Chapter 2, we found that despite differences in the stabilization of new spines, formed 
in response to training, on dendrites in layer 1 of superficial cortex with continued versus brief 
training, spine densities on apical dendrites of layer V pyramidal neurons increased under both 
conditions. These results indicated that there are dramatically different structural responses to 
skill learning on dendrites slightly deeper in cortex, and spine changes even on the same 
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dendritic population can vary greatly with dendritic location.  Evidence from previous studies 
has shown that skilled training both before (Adkins et al., 2009; Greenough & Withers 1985 
Kleim et al., 2002; Kleim et al., 2005; Wang et al., 2012; Withers & Greenough 1989) and after 
motor cortical infarcts (Brown et al., 2008; Jones et al., 1998; Kim et al., 2018; Kleim et al., 
2003)  can instigate changes in spine density and dendritic branching.  Furthermore, recent in 
vivo evidence highlights that difference pyramidal cell populations within MC have different 
structural responses to skill training (Ma et al., 2016; Tija et al., 2017).   
In rats, RT is sufficient to promote increases in synaptic densities within layer V of the 
spared MC.  Furthermore, I found that spine density on the apical branches of layer V pyramidal 
neurons in layers II/III of spared MC is increased with RT up to 8 weeks post-infarct.  Whether 
this increase in spine density persists over longer periods, and its relationship to functional 
recovery cannot be determined from the present studies. However, at the very least these results 
highlight that neuronal structural responses to skilled training both before and after brain damage 
are complex, and that this complex learning process undoubtedly requires the coordination of 
structural remodeling events on various dendritic and neuronal populations both between and 
beyond MC. Therefore, the suggestion that newly formed stabilized spines at weeks 2 and 3 
post-infarct could signify a structural substrate underlying functional improvements in skilled 






5.7 Sex differences in ischemia-induced structural plasticity and functional outcomes 
In clinical populations, stroke in women is associated with poorer functional outcomes compared 
to men. In rodents, previous studies have found that estrogen levels have a profound impact on 
stroke severity as well as functional recovery and are compounded by risk factors associated with 
aging (Appelros et al., 2009; Hall et al., 1991; Ikayed et al., 2008; Liu & McCullough, 2012; 
McCullough et al., 2003). Here, we did not find any notable sex differences in the pattern of 
results outlined in Chapters 3 or 4.  However, it is important to note that the studies performed in 
Chapters 3 and 4 were underpowered for rigorously determining whether sex differences in 
neuronal and vascular structural remodeling, or functional outcomes exist after ischemia.  
Recently, our lab has shown there are substantial reductions in the cortical territory 
devoted to forelimb movements beginning around middle age in female rats, which corresponds 
to the time when stroke incidence rises dramatically in women.  These results indicate that there 
may be alterations in motor cortical plasticity in older females that could affect structural and 
functional responses to RT in the chronic post-stroke period, and could explain why no 
observable sex differences were seen in young adults.  While we detected no obvious differences 
in post-ischemic CBF or neovascularization following ischemia in middle-aged animals, we 
cannot rule out the possibility that middle-age impacts other post-ischemic remodeling 
mechanisms. We chose to examine middle-aged animals because this is around the time when 
stroke incidence begins to rise dramatically, and when differences in post-stroke outcomes arise 
between men and women (Mozaffarian et al., 2016; Sommer et al., 2017). However, future 
studies should incorporate older aged animals.  
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5.8 Concluding Remarks and Future Directions 
In the present dissertation studies, I provide a general framework for the impact of motor-cortical 
ischemia on neuronal and vascular structural remodeling events, and the impact of RT on these 
events.  I present data on how structural remodeling events unfold over time following ischemia 
using a modified model of photothrombosis that is more sensitive to the impact of the ischemic 
penumbra on remodeling events during the chronic post-stroke phase, and we provide an account 
of how ischemia-induced remodeling events relate experience-dependent structural synaptic 
remodeling events. These data could be useful in beginning to understand how to optimize 
current clinical therapeutic strategies so that rehabilitative training can coincide with more 
dynamic stages of remodeling in the peri-infarct cortex.  
 Tied to optimizing current therapeutic strategies for improving functional 
outcomes after stroke, is the general consensus that RT therapies should be tailored to the 
individual. In order to expand on the results obtained from these dissertation studies, future 
studies should begin to examine the impact of risk factors affecting stroke outcomes, particularly 
sex and age, on patterns of structural plasticity and functional recovery. While we did not find 
any notable sex differences on patterns of CBF recovery, neovascularization, spine dynamics, or 
recovery of skilled reaching in the present studies, plenty of evidence suggests that sex and age 
interact in a way that inhibits functional recovery from stroke (Appelros et al., 2009; Hall et al., 
1991; Ikayed et al., 2008; Liu & McCullough, 2012; McCullough et al., 2003).  
Recent reports from the AHA have reported that nearly half of all stroke survivors are 
women, who suffer from worse functional outcomes compared to men.  Furthermore, stroke 
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incidence rises dramatically after the age of 55, and prognosis declines steeply with increasing 
age (Mozaffarian et al., 2016). Despite this knowledge, the majority of stroke studies have been 
performed in young adult males. These studies provide a basic framework for which future 
studies can then incorporate the impact of important risk factors in stroke, in order to improve 
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